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ABSTRACT:  An  acquaintance  with  the  theory  of  electrode  processes  is  indispens¬ 

able  for  the  understanding  of  the  phenomena  which  occur  in  technical  electro¬ 
lysis,  the  operation  of  chemical  current  sources,  the  electrodeposition  of 
metals,  corrosion  and  protection  of  metals,  etc.,  and  can  help  to  introduce  new 
production  methods,  to  improve  existing  methods  and  to  resolve  numerous  problems 
occurring  in  practice  more  speedily. 


The  purpose  cf  this  book  is  the  presentation  of  this  theory  in  a  form  which  is 
accessible  to  a  large  circle  of  readers.  It  is  based  on  a  course  of  lectures 
given  by  academician  A.N.  Frumkin  at  the  M.V.  Lomonosov  State  University  at 
Moscow.  During  the  process  of  preparation  of  the  material  for  the  press  it 
has  been  considerably  enlarged  and  modified.  It  has  not  been  possible  however 
within  the  narrow  framework  of  this  book  to  give  a  full  account  of  the  branches 
of  electrochemical  science  touched  upon  and  particularly  of  its  practical 
applications.  We  considered  the  elucidation  of  the  physical  basis  of  the 
processes  under  consideration  to  be  its  principal  task.  Hence  the  number  of 
examples  from  the  experimental  material  and  from  engineering,  given  to  lllus- 
strate  theoretical  principles  is  not  large  and  we  have  limited  ourselves  to 
an  examination  of  the  simplest  of  them. 


An  understanding  of  the  mechanism  of  the  electrode  processes  is  impossible 
without  a  profound  study  of  the  metal  solution  interface  in  which  they  take 
place.  Thus  we  thought  it  essential  to  preface  the  present  work  with  a  short 
introduction  containing  a  summary  of  the  most  important  results  obtained  in 
this  field. 


Several  basic  concepts  of  modern  electrochemical  kinetics  have  developed 
historically  from  the  study  of  the  phenomena  which  accompany  the  electrolytic 
separation  of  hydrogen.  Hence  we  have  dwelt  on  this  reaction  in  much  greater 
detail  than  on  the  other  electrochemical  processes. 
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It  must  be  emphasized  that  many  problems  of  theoretical 
electrochemistry  are  still  controversial  today,  and  a  single 
point  of  view  with  regard  to  them  does  not  exist  among  the 
Soviet  electrochemists.  We  have  striven  to  present  primarily 
the  theoretical  concepts  which  appear  to  us  to  be  lest  sub¬ 
stantiated  by  the  experimental  data,  recognizing,  however,  that 
a  final  decision  on  the  controversial  questions  requires  further 
experimental  work  as  well  as  discussion  of  the  results  thus 
obtained . 

The  introduction  and  the  chapters  5#  6  and  7  were  written  by 
A.N.  Frumkin  and  B.N.  Kabanov.  The  other  chapters  were  written 
by  A.N.  Frumkin,  V.S.  Bagotskiy  and  Z.A.  Iofa. 

We  express  our  gratitude  to  the  collective  of  workers  of  the 
chair  of  electrochemistry  of  the  M.V.  Lomonosov  State  University, 
Moscow,  and  the  electrochemistry  department  of  the  Institute  of 
Physical  Chemistry  of  the  Academy  of  Sciences  of  the  USSR,  who 
participated  in  the  discussion  of  this  book. 

English  translations:  545  pages. 
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FOREWORD 


An  acquaintance  with  the  theory  of  electrode  processes  is  indis¬ 
pensable  for  the  understanding  of  the  phenomena  which  occur  in  techni¬ 
cal  electrolysis,  the  operation  of  chemical  current  sources,  the  elec¬ 
trodeposition  of  metals,  corrosion  and  protection  of  metals,  etc.,  and 
can  help  to  introduce  new  production  methods,  to  improve  existing  meth¬ 
ods  and  to  resolve  numerous  problems  occurring  in  practice  more  speed¬ 
ily. 

The  purpose  of  this  book  is  the  presentation  of  this  theory  in  a 
form  which  is  accessible  to  a  large  circle  of  readers.  It  is  based  on  a 
course  of  lectures  given  by  academician  A.N.  Frumkin  at  the  M.V.  Lomo¬ 
nosov  State  University  at  Moscow.  During  the  process  of  preparation  of 
the  material  for  the  press  it  has  been  considerably  enlarged  and  modi¬ 
fied.  It  has  not  been  possible  however  within  the  narrow  framework  of 
this  book  to  give  a  full  account  of  the  branches  of  electrochemical 
science  touched  upon  and  particularly  of  its  practical  applications.  We 
considered  the  elucidation  of  the  physical  basis  of  the  processes  under 
consideration  to  be  its  principal  task.  Hence  the  number  of  examples 
from  the  experimental  material  and  from  engineering,  given  to  illus¬ 
trate  theoretical  principles  is  not  large  and  we  have  limited  ourselves 
to  an  examination  of  the  simplest  of  them. 

An  understanding  of  the  mechanism  of  the  electrode  processes  is 
impossible  without  a  profound  study  of  the  metal  solution  interface  in 
which  they  take  place.  Thus  we  thought  it  essential  to  preface  the 
present  work  with  a  short  introduction  containing  a  summary  of  the  most 
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important  results  obtained  in  this  field. 

Several  basic  concepts  of  modern  electrochemical  kinetics  have  de¬ 
veloped  historically  from  the  study  of  the  phenomena  which  accompany 
the  electrolytic  separation  of  hydrogen.  Hence  we  have  dwelt  on  this 
reaction  in  much  greater  detail  than  on  the  other  electrochemical  proc¬ 
esses  . 

It  must  be  emphasized  that  many  problems  of  theoretical  electro¬ 
chemistry  are  still  controversial  today,  and  a  single  point  of  view 
with  regard  to  them  does  not  exist  among  the  Soviet  electrochemists.  We 
have  striven  to  present  primarily  the  theoretical  concepts  which  appear 
to  us  to  be  best  substantiated  by  the  experimental  data,  recognizing, 
however,  that  a  final  decision  on  the  controversial  questions  requires 
further  experimental  work  as  well  as  discussion  of  the  results  thus  ob¬ 
tained. 

The  introduction  and  the  chapters  5»  6  and  7  were  written  by  A.N. 
Frumkin  and  B.N.  Kabanov.  The  other  chapters  were  written  by  A.N.  Frum- 
kin,  V.S.  Bagotskiy  and  Z.A.  Iofa. 

We  express  our  gratitude  to  the  collective  of  workers  of  th>.  chair 
of  electrochemistry  of  the  M.V.  Lomonosov  State  University,  Moscow,  and 
the  electrochemistry  department  of  the  Institute  of  Physical  Chemistry 
of  the  Academy  of  Sciences  of  the  USSR,  who  participated  in  the  discus¬ 
sion  of  this  book. 
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INTRODUCTION 


BASIC  PROPERTIES  OF  THE  SURFACE  LAYER  AT  THE  INTERFACE 
BETWEEN  METALS  AND  ELECTROLYTE  SOLUTIONS 

SI.  ORIGIN  OF  THE  ELECTRICAL  DOUBLE  LAYER  DURING  CONTACT  BETWEEN  A 
METAL  AND  A  SOLUTION 

The  electrochemical  processes,  i.e.,  the  processes  In  which  metals 
or  other  conductors  of  the  first  kind  either  donate  electrons*  to  the 
reacting  particles  (molecules  or  ions)  or  accept  them  from  the  latter, 
take  place  within  a  thin  surface  layer  at  the  interface  between  elec¬ 
trode  and  solution.  In  order  to  understand  the  mechanism  of  the  elec¬ 
trochemical  processes  it  is  essential  to  have  an  idea  of  the  structure 
of  this  surface  layer.  The  introduction  to  the  present  book  will  be  de¬ 
voted  to  this  question. 

A  double  electric  layer  exists  at  the  Interface  between  electrode 
and  solution,  formed  by  electrical  charges  present  in  the  metal  and  by 
ions  of  the  opposite  sign  presc  c  in  the  solution  at  the  metal  surface. 

The  double  electric  layer  is  formed  upon  contact  of  a  metal  with  a 
solution  when  the  solute  Ions  yield  their  charges  to  the  metal  or  if 
the  metal  sends  ions  into  the  solution.  Thus,  for  example,  when  silver 
comes  into  contact  with  a  solution  of  silver  nitrate,  the  Ag+  ions,  de¬ 
pending  on  the  concentration  of  the  solution,  can  migrate  to  the  metal¬ 
lic  silver,  imparting  their  positive  charge  to  it,  or,  conversely,  they 
can  be  formed  at  the  expense  of  the  metal  which  then  becomes  negatively 
charged . 

In  the  case  of  contact  between  hydrochloric  acid  solution  and  Iron 

-  3  - 
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hydrogen  ions  may  be  discharged  on  its  surface,  imparting  their  posi¬ 
tive  charge  to  the  iron,  and  Fe++  ions  may  appear.  Because  the  latter 
carry  a  positive  charge,  the  metal  is  charged  negatively  during  their 
formation.  The  appearance  of  charges  can  also  take  place  through  ion¬ 
ization  of  gases  adsorbed  on  the  surface  of  a  metal,  as,  for  example, 
in  the  case  of  platinum  in  a  hydrogen  atmosphere. 

Let  us  assume  that  when  a  metal  comes  into  contact  with  a  solu¬ 
tion,  the  predominating  process  is  that  the  metal  receives  charges  from 
positive  ions,  for  example,  silver  ions  are  precipitated  on  silver.  As 
will  be  shown  in  the  following,  the  positive  surface  charge  thus  formed 
retards  the  reaction  which  proceeds  in  the  above-indicated  direction 
and,  conversely,  accelerates  the  reactions  which  result  in  the  loss  of 
positive  charge  by  the  surface.  In  consequence  of  this  the  increase  in 
the  positive  surface  charge  is  slowed  down  in  time  and,  finally,  a  cer¬ 
tain  stationary  condition  is  established  at  the  metal  solution  inter¬ 
face  with  a  certain  density  of  the  electrical  charge  on  the  surface. 

The  surf  ce  charges  attract  from  the  solution  ions  of  the  opposite 
sign  and  repel  the  ions  with  like  charge.  Thus,  an  excess  of  ions  with 
a  charge  with  a  sign  opposite  to  the  sign  of  the  charge  of  the  metal 
surface  appears  in  the  layer  of  solution  adjacent  to  the  electrode. 

This  layer  forms  the  double  electric  layer  at  the  metal  solution  inter¬ 
face  together  with  the  charged  metal  surface.  Because  of  the  presence 
of  free  charges  in  the  double  layer  the  value  o±  ‘-he  electrostatic  po¬ 
tential  within  it  is  not  constant  but  varies  from  point  to  point.  Thus, 
the  appearance  of  this  layer  results  in  the  establishment  of  a  certain 
potential  difference  between  metal  and  solution.  In  this  chapter  we 
shall  not  examine  the  question  concerning  the  connection  between  the 
value  of  this  potential  difference,  the  composition  of  the  original  so¬ 
lution  and  the  nature  of  the  reactions  which  take  place,  to  which  we 


shall  revert  later.  We  shall  merely  point  out  that  In  the  case  of  re¬ 
versible  electrodes  when  an  equilibrium  is  established  between  elec¬ 
trode  and  solution  (as  is  the  case,  for  example,  when  various  metals 
such  as  silver,  mercury,  cadmium,  etc.,  are  immersed  in  solutions  con¬ 
taining  their  ions)  a  relationship  between  the  potential  difference-  and 
the  composition  of  the  solution  can  be  established  on  the  basis  cf 
thermodynamic  concepts.  In  this  simplest  case  the  magnitude  of  the  po¬ 
tential  difference  between  metal  and  solution  is  determined  by  the¬ 
re  lat  ion 

f  **  ?*  +  -—pr  In  flj!# It . ,  ( 1 ) 

where  n  and  are  the  valency  and  activity  of  the  metal  ions  v',eni 

in  the  solution,  cp^  is  the  normal  electrode  potential,  i.e.,  the  value 
of  qp  at  UjVjenv>  equal  to  unity,  R  is  the  gas  constant,  T  the  absolute 
temperature  and  F  the  Faraday  number.*  Similar  relations  can  be  de¬ 
rived  for  other  cases  of  equilibrium  between  a  metal  and  a  solution; 
they  are  given  in  physical  chemistry  manuals.**  In  the  following  we 
shall  assume  them  as  known.*** 

We  have  briefly  examined  how  the  double  layer  arises  at  the  metal 
solution  interface  if  electrochemical  reactions  can  take  place  at  this 
Interface.  The  latter  is  not  always  the  case,  however.  Thus,  for  exam¬ 
ple,  electrochemical  reactions  do  not  take  place  on  a  fresh  mercury 
surface  in  a  solution  of  potassium  chloride  from  which  oxygen  and  other 
oxidants  have  been  carefully  eliminated.  It  would  appear  that  one  of 
the  following  two  reactions  should  be  possible  in  this  case:  a  migra¬ 
tion  of  mercury  Jons  into  the  solution  2Hg  -*  Hg^+  +  2e  (In  this  case 
the  metal  would  be  charged  negatively)  or  a  transformation  of  potassium 
Ions  Into  potassium  atoms  which  dissolve  in  the  mercury  in  the  form  of 
potassium  amalgam  K+  +  e  -*  K  (with  the  appearance  of  a  positive 

-  5  - 


charge  at  the  surface). 

In  actual  fact,  however.  Ionization  of  a  relatively  noble  metal 
such  as  mercury  can  take  place  at  a  measurable  rate  only  when  the  sur¬ 
face  is  strongly  positively  charged  while  discharge  of  the  potassium 
ion  is  possible  only  in  presence  of  a  strong  negative  charge.  Thus, 
these  reactions  cannot  proceed  on  the  uncharged  mercury  surface  spon¬ 
taneously  (i.e.,  without  a  supply  of  charges  from  without)  to  an  extent 
which  would  result  in  the  formation  of  a  measurable  charge  density;  for 
this  reason,  when  mercury  is  in  contact  with  potassium  chloride  solu¬ 
tion,  which  is  free  of  oxygen,  a  double  layer  is  not  formed. 

On  the  other  hand,  owing  to  the  absence  of  a  migration  of  ions 
from  one  phase  into  the  other,  any  charge  density  can  be  easily  real¬ 
ized  on  such  a  mercury  surface  within  wide  limits  and,  consequently, 
any  potential  difference,  if  a  charge  from  an  external  current  source 
is  supplied  to  the  mercury  surface.  Such  electrodes  are  often  termed 
ideally  polarized.  The  potential  of  an  Ideally  polarized  electrode 
changes  constantly  during  the  passage  of  electricity,  and  such  an  elec¬ 
trode  can  obviously  not  be  used  as  a  current  source,  but  the  possibil¬ 
ity  of  varying  within  wide  limits  the  charge  density  on  the  surface 
makes  the  ideally  polarized  electrode  particularly  suitable  for  the 
study  of  the  structure  of  surface  layers.  It  must  be  remembered,  howev¬ 
er,  that  if  the  charge  density  and  potential  difference  with  a  given 
solution  composition  pass  certain  limits,  the  properties  of  the  ideal 
polarizability  are  lost,  and  diverse  electrochemical  reactions  can  take 
place  at  the  electrode;  thus,  if  the  positive  potential  is  sufficiently 
high,  ionization  of  the  mercury  takes  place  at  the  mercury  electrode 
in  potassium  chloride  solution  and,  if  it  is  sufficiently  negative,  po¬ 
tassium  or  hydrogen  ions  are  discharged.* 
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§?.  DENSE  AND  DIFFUSE  DOUBLE  LAYER  [l] 

In  the  simplest  case  when  only  the  electrostatic  forces  acting  be¬ 
tween  the  charged  surface  and  the  ions  of  the  solution  are  taken  into 
account,  one  can  imagine  that  the  surface  of  the  metal  attracts  from 
the  solution  a  number  of  ions  with  charges  whose  sign  is  opposite  to 
that  of  the  surface  charge  and  equivalent  in  number  to  the  number  of 
charges.  These  ions  are  situated  at  the  surface  very  close  to  it;  the 
double  layer  thus  formed  may  be  compared  with  a  flat  capacitor  in  which 
the  distance  between  the  plates  is  determined  by  the  radius  d  of  the 
ions.  The  potential  distribution  in  such  a  double  layer  is  represented 
in  Fig.  1. 

This  simplified  picture  of  the  double  layer  as  proposed  by  Helm¬ 
holtz  is  correct  only  in  individual  cases,  for  example,  when  the  con¬ 
centration  of  the  electrolyte  solutions  and  the  charge  density  are  very 
high.  In  reality  the  double  layer  in  most  cases  has  a  more  complex 
structure.  Under  the  influence  of  the  disordered  molecular  movement  the 
Ions  tend  to  be  distributed  uniformly  in  the  solution.  As  a  result  of 
the  molecular  motion  on  the  one  hand  and  the  electrostatic  Interaction 
of  the  ions  with  the  charged  metal  surface  on  the  other,  the  ion  cover¬ 
ing  of  the  double  layer  assumes  a  diffusion  structure,  i.e.,  an  ion 
distribution  results  in  which  the  concent ration  of  some  ions  (with  a 
sign  of  the  charge  on  the  metal)  Increases  in  proportion  to  decreasing 
distance  from  the  surface,  while  the  concentration  of  the  ions  of  the 
other  sign  decreases  (Fig.  2).  The  average  thickness  of  such  a  diffu¬ 
sion  envelope  of  the  double  layer  can  be  relatively  great  in  dilute  so¬ 
lutions,  attaining  a  micron  in  completely  clean  water  (I.e.,  In  water 
containing  only  H+  and  OK  ions  formed  by  dissociation  of  their  mole¬ 
cules).  In  more  concentrated  solutions  this  thickness  is  considerably 
less  and  is  measured  in  tens  and  even  units  of  angstrom. 
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Pig.  1.  Potential 
distribution  in  a 
dense  double  lay¬ 
er  with  positive 
charge  of  the 
metal  surface;  d 
is  the  thickness 
of  the  double 
layer;  q>  is  the 

i 2 

potential  differ¬ 
ence  between  met¬ 
al  and  solution. 
A)  Metal;  B)  so¬ 
lution. 


Fig.  2.  Cation  and 
anion  concentration 
as  a  function  if  the 
distance  in  the  case 
of  a  positive  charge 
on  the  electrode  sur 
face.  A)  Metal;  B) 
solution;  C)  concen¬ 
tration;  D)  anions; 
E)  cations. 


Generally  the  ion  covering  of  the  double  layer  can  be  convention¬ 
ally  divided  into  two  parts.  The  first  part  is  formed  by  the  ions  which 
are  practically  attracted  closely  to  the  metal  surface  ("close"  or 
"Helmholtz"  layer).  The  second  part,  the  diffusion  layer,  is  formed  by 
ions  which  are  at  a  given  moment  at  distances  from  the  surface  compara¬ 
ble  in  magnitude  to  the  radius  of  the  ion  or  exceeding  it. 

We  should  point  out  that  the  charges  in  the  different  parts  of  the 
double  layer  are  not  fixed  in  place  and  that  the  magnitude  of  the  ef¬ 
fective  charge  in  a  given  part  of  the  double  layer,  determined  by  the 
excess  charges  of  the  positive  ions  over  the  charges  of  the  negative 
ions,  is  of  a  statistical  nature. 


Specific  adsorption  of  ions,  atoms  and  molecules  (i.e.,  adsorption 
caused  by  the  action  of  chemical  forces  and  superposed  ^n  the  purely 


electrostatic  attraction  or  repulsion  (see  ST)),  can  make  the  structure 
of  the  double  layer  even  more  complex. 

Let  us  first  stop  to  consider  in  greater  detail  the  properties  of 
the  dense  layer.  As  pointed  out  earlier,  it  can  be  likened  to  a  flat 
capacitor,  one  plate  of  which  is  the  metal  surface  and  the  other  the 
layer  of  ions  which  are  attracted  to  the  surface  by  the  electrical 
charges  of  the  metal  in  such  a  way  that  the  centers  of  these  ions  at  a 
given  moment  are  at  a  distance  from  the  metal  surface  corresponding  to 
the  effective  ionic  radius  (Fig.  3).  In  addition  to  the  electrostatic 
forces,  specific  adsorption  forces  can  attract  ions  to  the  electrode 
surface;  in  other  cases  the  latter,  conversely,  repel  the  ions  from  the 
surface  (negative  adsorption),  i.e.,  they  weaken  the  action  of  the 
electrostatic  forces. 


Fig.  3.  Arrangement 
of  the  solvated  ions 
at  the  charged  elec¬ 
trode  surface;  a) 
ions  with  undeformed 
solvation  envelope; 
b)  approach  of  the 
Ions  to  the  surface. 
Involving  a  deforma¬ 
tion  of  the  solvation 
envelope.  A)  Metal; 

B)  solution. 


The  equation  connecting  the  charge  of  a 
flat  capacitor  with  the  potential  difference 
between  its  plates  can  be  applied  to  the  dense 
double  layer: 


where  C  is  the  capacitance  of  the  layer  per 

p 

1  cm  of  surface,  e  is  the  charge  density  at 
the  metal  surface;  qpQ  is  the  potential  differ¬ 
ence  between  metal  and  solution*  which  we 
shall  consider  as  positive,  if  the  metal  has  a 
positive  charge;  D  is  the  dielectric  constant 
of  the  medium  between  the  plates  of  the  capac¬ 
itor  and  d  the  distance  between  the  plates, 
i.e.,  between  the  metal  surface  and  the  ion 
centers.  When  Eq .  (2)  is  used  in  practice  one 
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has  to  remember  that  the  magnitude  of  C  is  normally  expressed  not  in 

p 

electrostatic  units,  but  in  microfarads  (yF)  per  1  cm  .  Because  a  mi¬ 
crofarad  is  equal  to  9*10^  electrostatic  units,  the  right  part  of  th^ 

equation  (2)  must  be  divided  by  9*10^  in  order  to  obtain  C  in  pF  per 
2 

cm  if  d  is  expressed  in  cm: 

K3  (?a) 

As  will  be  shown  later,  the  magnitude  of  C  can  be  found  experi¬ 
mentally.  For  the  mercury  electrode  with  negative  surface  charge,  i.e., 

p 

in  the  case  when  the  ion  envelope  is  formed  by  cations,  C  is  18  pF/cm‘~ . 
If  the  surface  is  positively  charged,  i.e.,  in  presence  of  anions  in 
the  double  layer,  the  minimum  value  of  C  is  approximately  twice  as 
large.  Thus  there  is  an  important  difference  between  the  behavior  of 
cations  and  anions  close  to  the  surface. 

This  difference  can  be  explained  in  the  following  manner.  The  cab- 
ions  as  well  as  the  anions  in  the  solution  are  solvated,  i.e.,  bound  to 
solvent  molecules,  in  particular,  in  aqueous  solutions,  to  water  mole¬ 
cules  (hydrate  envelope).  If  the  hydrate  envelope  were  not  deformed 
when  the  ions  come  close  to  the  electrode  surface,  the  minimum  distance 
between  *he  center  of  the  ion  and  the  electrode  surface  would  be  equal 
to  the  sum  of  the  radii  of  the  unhydrated  ion  and  the  thickness  of  the 
hydrate  envelope  (Fig.  3a).  However,  a  comparison  of  the  behavior  of 
cations  and  anions,  a  comparison  of  the  capacitances  of  the  double  lay¬ 
er,  obtained  in  different  solvents*  and  a  number  of  other  concepts 
leads  us  to  the  conclusion  that  close  to  the  electrode  surface  a  con¬ 
siderable  deformation  of  the  hydrate  envelope  takes  place  so  that  the 
real  picture  of  the  structure  of  the  double  layer  corresponds  much  more 
to  Fig.  3b  than  to  Fig.  3a  [7].  The  deformation  of  the  hydrate  envelope 
is  obviously  more  pronounced  in  the  case  of  the  anions  for  which  (at 


least  for  univalent  anions)  the  hydration  energy  Is  less  than  for  the 
cations.  The  closer  approach  of  the  anions  to  the  electrode  surface  Is 
also  facilitated  by  the  circumstance  that,  as  will  be  seen  from  the 
following,  specific  adsorption  forces  which  are  not  observed  in  the 
case  of  cations  exist  between  the  anions  and  the  electrode  surface  in 
many  cases.  The  interaction  between  the  anion  and  the  electrode  surface 
leads  also  to  a  charge  displacement  within  the  ion  itself,  to  its  po¬ 
larization,  which  is  particularly  strong  when  the  surface  is  positively 
charged.  As  a  result  of  this  the  effective  thickness  of  the  double  lay¬ 
er  becomes  less  than  the  ionic  radius.  Correspondingly,  the  capacitance 
of  the  double  layer,  considered  as  a  capacitor,  is  strongly  increased. 
At  very  large  negative  charges  of  the  surface  this  increase  in  capaci¬ 
tance,  although  to  a  lesser  degree,  is  also  observed  in  the  case  of  a 
cation  layer. 

If  a  certain  assumption  concerning  the  magnitude  d  has  been  made, 

the  value  of  the  dielectric  constant  D  can  be  calculated  from  Eq .  (2). 

"4"  “  fi 

The  radius,  for  example,  of  the  unhydrated  K  ion  is  1.33*10  cm;  thus 

—8 

the  value  of  d  is  probably  close  to  1.5*10  cm.  If  we  substitute  this 

value  in  Eq .  (2),  one  can  find  from  the  experimental  quantity  C  =  18 
2 

iiF/cm  that  the  dielectric  constant  of  the  dense  part  of  the  double 
layer  is  approximately  3  units.  This  small  value  is  explained  by  the 
orienting  effect  of  the  electrical  field  of  the  ions  in  the  double  lay¬ 
er  on  the  dipole  water  molecules  which  are  in  close  proximity  (we  re¬ 
member  that  the  normal  value  of  the  dielectric  constant  for  water  out¬ 
side  of  the  double  layer  is  8l  at  a  temperature  of  18°C).  The  calcula¬ 
tion  of  the  dielectric  constant  within  the  double  layer  from  the  values 
of  the  capacitance  C  requires  certain  assumptions  concerning  the  magni¬ 
tude  of  d ,  which  are  not  very  reliable,  so  that  in  electrochemical  cal¬ 
culations,  based  on  the  theory  of  the  double  layer,  one  must  use  not 
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the  value  of  D  but  the  experimentally  determined  capacitance. 

The  structure  of  the  double  layer,  represented  in  Pig.  3,  is  an 
extreme  case.  In  reality,  as  has  been  pointed  out  above,  not  all  ions 
of  the  double  layer  are  in  the  direct  vicinity  of  the  metal  surface. 

To  a  certain  degree  the  ions  in  the  ion  envelope  of  the  double  layer 
are  distributed  diffusely.  If  the  charge  density  is  not  very  high,  as 
in  the  case  of  dilute  solutions,  practically  the  entire  ion  envelope  ol 
the  double  layer  is  diffuse  (see  Fig.  4a)  .  Conversely,  at  higher  con¬ 
centrations  a  considerable  proportion  of  the  ions  of  the  double  layer 
is  very  close  to  the  surface,  and  the  structure  of  the  double  layer 
comes  near  to  that  described  in  the  foregoing  (Fig.  4b). 

It  is  highly  probable  that  when  a  fluid  moves  relative  to  a  solid 
body,  the  ions,  which  are  directly  in  contact  with  its  surface,  remain 
continuously  bound  to  it,  while  diffusely  distributed  ions  are  to  some 
extent  entrained  by  the  fluid.  The  degree  of  diffusiveness  of  the  dou¬ 
ble  layer  thus  is  of  great  significance  for  the  so-called  electrokinet- 
ic  phenomena.  Electroklnetic  motion  phenomena  are  termed  those  which 
arise  at  the  solid/solution  Interface  when  an  electric  field  is  ap¬ 
plied,  for  example,  the  motion  of  solid  particles  in  a  solution  (cata- 
phorecis)  or  the  motion  of  a  solution  relative  to  the  walls  of  solids 
(electroosmosis).  These  phenomena  were  discovered  and  first  described 
in  1807  by  F.F.  Reyss  in  Moscow.  It  is  shown  in  the  elementary  theory 
of  the  electroklnetic  phenomena  which  Is  explained  in  most  textbooks 
of  colloid  and  physical  chemistry  [33  that  it  is  jcssible  to  calculate 
the  potential  difference  in  the  diffusion  layer  which  Is  ■  "ually  desig¬ 
nated  by  the  letter  c  (electroklnetic  or  zeta-potential )  from  the  ve¬ 
locity  of  motion  v  of  the  particle  in  the  electrical  field: 

i-SF-  (3) 
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where  n  is  the  viscosity  of  the  fluid,  and  E  the  electric  field  inten 


sity . 


a  b 

Fig.  *1 .  Distribution 
of  excess  cations  at 
the  negatively  charged 
surface  of  a  metal  at 
low  (a)  and  higher  (b) 
concentrations  of  the 
solution.  A)  Metal. 


Fig.  5«  Potential  distri¬ 
bution  in  the  dense  and 
diffuse  parts  of  the  dou¬ 
ble  layer;  9^  is  the  po¬ 
tential  difference  between 
metal  and  solution;  ^  is 

the  mean  value  of  the  po¬ 
tential  at  a  distance  of 
one  ionic  radius  from  the 
metal  surface.  A)  Metal; 

B)  solution. 


As  will  be  evident  from  the  following,  the  magnitude  of  the  poten¬ 
tial  drop  in  the  diffuse  layer  is  also  of  great  importance  for  the 
mechanism  of  the  electrochemical  processes.  We  designate  it  by  thus 

defining  ^  as  the  mean  potential  in  the  solution  at  the  distance  of 
one  ionic  radius  from  the  metal  surface  d  (Fig.  5).  Taking  into  account 
that  this  distance  is  evidently  different  for  cations  and  anions,  one 
could  have  correspondingly  introduced  two  values  of  ^ .  We  shall  not 
do  so,  however,  as  this  would  complicate  the  picture  enormously. 

I*  can  be  Inferred  from  Eq .  (3)  that  c  represents  the  potential 
at  the  distance  from  the  electrode  surface  at  which  the  motion  of  the 
fluid  relative  to  the  solid  begins.  In  fairly  dilute  solutions,  in 
which  the  potential  within  the  diffusion  layer  varies  slowly  with  In¬ 
crease  in  the  distance  from  the  surface,  the  quantity  of  <1^  is  probably 
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identical  with  c.  At  higher  concentrations,  when  the  accumulation  of 
ions  near  to  the  surface  is  considerable  and  the  potential  varies  raj  - 
idly  with  distance,  this  identification  would  be  incorrect.  The  condi¬ 
tions  of  motion  of  the  fluid  at  molecular  distance  from  the  surface 
are  unknown;  in  particular,  it  is  not  clear  what  value  should  be 
ascribed  to  the  viscosity.  The  latter,  as  the  works  of  B.v.  Deryagin 

[4]  have  shown,  can  differ  greatly  close  to  the  interface  from  the  usu¬ 
al  viscosity  within  the  volume.  Hence  the  physical  meaning  of  the  qua.* 
tity  c  calculated  by  means  of  formula  (3)  i~  somewhat  indeterminate  ir- 
this  case,  and  it  is  better  to  introduce  a  different  criterion  (4^)  for 
the  potential  drop  in  the  diffusion  layer  which  interests  us. 

In  the  following  section  we  shall  briefly  examine  the  quantitative 
theory  of  the  double  layer  taking  its  diffusion  structure  into  account. 

§3.  EQUATIONS  OF  THE  DOUBLE  LAYER 

The  first  quantitative  expression  for  the  charge  density  as  a 
function  of  the  ion  concentration  a  in  the  solution  and  the  electrode 
potential  In  presence  of  a  diffusion  structure  of  the  double  layer  has 
been  given  by  Gouy  [5].  Later  on,  an  analogous  method  of  calculation 
has  been  used  by  Debye  in  the  theory  of  the  strong  electrolytes.  Shtern 

[5]  pointed  out  that  one  cannot  use  the  concept  of  point  charges  in  the 
theory  of  the  double  layer  but  that  it  is  necessary  to  take  the  Ionic 
radii  into  account.  Because  the  center  of  an  Ion  cannot  approach  the 
electrode  surface  closer  than  within  the  distance  of  the  radius,*  there 
is  in  any  case  in  the  double  layer  close  to  the  surface  a  region  with 
the  thickness  d  In  which  charges  are  absent;  as  follows  from  the  laws 
of  electrostatics,  the  potential  varies  In  such  a  region  linearly  with 
distance,  i.e.,  the  gradient  of  the  electrical  potential  is  constant 
(Fig.  5).  From  the  distance  d  onwards  the  solution  contains  charges. 
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The  equation  for  the  double  layer,  derived  on  these  assumptions 
and  taking  into  account  the  electrostatic  interaction  between  the  Ions 
and  the  charged  surface  of  the  electrode  and  the  thermal  motion  of  the 
ions,  can  be  represented  in  the  following  form: 

•vc(f.~  2(rV'_i)Cl.  (i») 

t 

The  quantities  entering  into  this  equation  have  the  following 
meaning:  e  is  the  charge  density  at  the  metal  surface,*  C  is  the  capac¬ 
itance  of  the  capacitor,  formed  by  the  metal  surface  and  a  plane  pass- 

2 

ing  through  at  a  distance  d  from  it,  calculated  per  1  cm  ,  is  the 
potential  directly  at  the  electrode  surface  relative  to  the  potential 
in  the  center  of  the  solution,  which  is  usually  assumed  to  be  zero.  In 
order  to  determine  <PQ  from  the  potential  of  the  electrode,  measured 
relative  to  an  arbitrary  reference  electrode,  one  has  to  deduct  from 

9  the  electrode  potential  tp  at  the  charge  density  e  equal  to  zero, 

measured  relative  to  the  same  reference  electrode.  Further,  is  the 

potential  at  the  distance  d  (i.e.,  in  the  plane  which  passes  through 

the  centers  of  the  ions  of  the  first  layer)  relative  to  the  potential 

in  the  center  of  the  solution,  n.  and  a.  are  the  valency  and  concentra- 

V  t 

tion  of  the  ions  of  the  species  D  is  the  dielectric  constant  of  the 
solution.  In  the  case  of  a  diffuse  double  layer,  whose  thickness  con¬ 
siderably  exceeds  the  molecular  dimensions,  we  shall  consider  the  v^lue 
D  in  dilute  solutions  to  be  equal  to  the  normal  value  of  the  dielectric 
constant  of  water,  i.e.,  D  =  8l.  The  latter  assumption  is  approximate. 

The  equation  ( *0  has  been  derived  on  the  assumption  of  the  applic¬ 
ability  of  the  laws  of  ideal  solutions  to  the  ions  in  the  volume  of 
the  solution  and  in  the  double  layer.  We  shall  give  in  an  abbreviated 
form  the  derivation  of  this  equation  for  the  simplest  case  of  a  uni¬ 
valent  electrolyte. 
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The  left  part  of  Eq .  (4)  expresses  the  charge  density  e  of  the 
metal  plate  of  the  double  layer  via  the  capacitance  C  of  a  flat  capaci¬ 


tor  (see  Eq .  (2)  and  the  potential  drop  (p  -  ^  in  it).  This  expression 
is  correct  independently  of  whether  all  charges  of  the  ion  envelope  of 
the  double  layer  are  in  the  plane  in  wh  ’h  the  potential  is  ^  or  whe¬ 
ther  they  are  partially  (or  entirely)  situated  beyond  this  plane.* 

The  right  part  of  Eq .  (4)  expresses  the  total  charge  density  of 
the  ionic  part  of  the  double  layer. 

Really,  we  designate  by  it  the  variable  value  of  the  potential  in 
the  diffusion  ion  layer  which  depends  on  the  distance  from  the  elec¬ 
trode.  According  to  the  Boltzmann  law,**  the  cation  concentration  in 
this  region  is  equal  to 

ef  —  a-***,  (5) 

and  the  anion  concentration  to: 

(5a) 

where  a  is  the  electrolyte  concentration  in  the  solution,  expressed  in 

■a 

gram-ions  per  1  cm  .  The  volume  charge  density  p  is  equal  to: 

p — F (c,  —  c_)  -  Fc (e  ^  —  f** ).  (6) 

It  follows  from  the  laws  of  electrostatics  that  the  following  re¬ 
lation  (Poisson  equation)  exists  between  the  volume  density  of  elec¬ 
tricity  and  the  potential  \|»: 

where  x  is  the  distance  from  the  electrode  surface.*** 

If  we  integrate  Eq .  (7)  between  the  limits  d  and  °°,  we  obtain: 

and,  because  at  *  ♦  •  ♦  ■  0  and  dip/dx  =  0  are  valid  and  because  the  to- 
00 

tal  charge  jp'dx  in  the  solution  is  equal  to  the  surface  charge  c  of 
d 

the  metal  with  opposite  sign,  we  have 

(2).-.-(2)_--£S>.  '8> 
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X  ) 


By  putting  together  (6)  and  (7),  we  obtain: 


(8a) 


(9) 


by  integrating  Eq .  (9)  within  the  limits  from  d  to  °°  and  taking 


into  account  that  at  x  =  d,  \p  “  ,  we  find: 


(2)L  - 


or 


a 

*/«-* ' 


S*cRT, 


+  trr +eRT_2). 


(9a) 


It  follows  from  (8a)  and  (9a)  after  extraction  of  the  square  root 
from  the  right  and  left  parts  of  Eq .  (9a): 


(10) 


The  sign  after  the  extraction  of  the  square  root  must  be  chosen  in 
accordance  with  the  condition  e  >  0  at  ^  >  0, 

On  the  other  hand,  as  has  been  shown  in  the  foregoing,  e  =  C^a  ~ 
—  <J>-^);  hence  follows: 

.  =  (11) 

The  equation  (11)  Is  a  partial  case  of  Eq .  (9)  for  the  solution  of 
a  uni-univalent  electrolyte. 

The  specific  adsorption  of  the  ions,  i.e.,  not  caused  solely  by 
electrostatic  forces  (see  §7)  has  not  been  taken  into  account  in  the 
derivation  of  Eq.  ( M .  Shtern  [5]  has  made  an  attempt  to  take  into  ac¬ 
count  the  specific  Ion  adsorption.  Because  the  forces  which  determine 
the  specific  adsorption  decrease  very  repidly  with  distance,  it  can  be 
assumed  that  these  forces  act  only  on  Ions  in  direct  contact  with  the 
metal  surface.  The  value  of  the  adsorption  potential  which  is  indepen¬ 
dent  of  the  electric  field  is  Introduces  for  these  ions  in  Shtern's 
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theory:  4>+  for  cations  and  for  anions.  These  quantities,  *  and  <t_  , 
express  the  variation  of  the  potential  energy  during  the  transfer  of  a 
mole  of  substance  from  the  center  of  the  solution  to  the  surface  at 


'J'-L  *  0 . 

The  total  variation  of  the  potential  energy  during  adsorption, 
taking  also  into  account  the  effect  of  the  electric  field,  is  <j>+  +  \ p  nl- 
for  the  cation  and  <J>_  —  i \> ^nF  for  the  anion.  By  means  of  these  quanti¬ 
ties  one  can  calculate  the  number  of  cations  and  anions  adsorbed  at  tin 
surface  analogous  to  the  derivation  of  the  adsorption  formula  of  Lang¬ 
muir  in  the  theory  of  gas  adsorption,  i.e.,  by  assuming  that  there  ex¬ 
ists  at  the  surface  a  number  of  places  which  are  filled  by  the  adsorbed 
cations  and  anions  in  correspondence  with  the  aforementioned  values  of 
the  variation  of  the  potential  energy  during  adsorption. 

However,  as  the  experimental  determination  of  the  surface  charge 
shows,  the  filling  of  the  surface  by  ions  in  the  double  layer  is  nor¬ 
mally  not  very  great  in  practice.  For  the  case  of  partial  occupancy  the 
Shtern  equation  can  be  represented  in  the  following  simple  form  (for 
uni-univalent  electrolyte): 


(12) 

(13) 

t,»2 Fcd(e  ). 

(>if) . 

(1*0 

where  e-^  is  the  charge  of  the  adsorbed  ions  and  Cp  is  the  charge  of  the 
ions  in  the  diffusion  layer.  The  quantity  e^,  as  is  evident  from  Eq . 
(13) ,  is  equal  to  the  difference  of  the  charges  of  the  adsorbed  cations 
and  anions.  In  fact,  their  volume  concentrations  in  the  surface  layer 
according  to  the  Boltzmann  formula  are,  respectively: 

c,  =  c  e  n*  Sc  c_  —  c  e  ^  ’ 


*  * 


18  - 


from  which  Eq .  (13)  is  reaaily  derived  if  we  assume  that  the  thickness 
of  the  adsor  ed  layer  is  2c?.  The  charge  of  the  diffusion  layer  is  cal¬ 
culated  in  accordance  with  Eq .  (10). 

As  Eq .  (12)  shows,  the  magnitude  of  the  charge  of  the  ion  enve¬ 
lope,  according  to  Shtern’s  theory,  consists  of  two  components,  of 
which  one  expresses  the  charge  of  the  adsorbed  ions  and  the  other  the 
charge  of  the  ions  which  are  attracted  only  by  electrostatic  forces. 
This  division  is  practlca]  if  considerable  adsorption  forces  are  pres¬ 
ent  (large  negative  values  of  <t>+  and  *_).  However,  in  the  absence  of 
adsorption  forces,  i.e.,  at  $+  =  $_  =  0,  the  expression  for  e1  does  not 
vanish,  although  in  this  case  the  physical  meaning  of  the  separation  of 
the  charges  of  the  ions  which  are  in  direct  contact  with  the  electrode 
surface  into  a  separate  component  is  not  clear  because  the  charges  of 
all  the  ions  have  already  been  taken  into  account  in  the  expression  for 
in  this  case  the  use  of  Eq .  (11)  instead  of  Eq .  (12)  is  more  logi¬ 

cal. 

The  use  of  the  Shtern  equation  In  the  presence  of  specific  ion  ad¬ 
sorption  is  made  difficult  by  the  circumstance  that  only  one  value  of 
the  capacitance  of  the  dense  layer  is  considered  in  this  theory  where¬ 
as,  as  has  been  pointed  out  earlier,  its  capacitance  differs  consider¬ 
ably  in  presence  of  cations  and  anions.  Several  attempts  have  been  made 
to  introduce  improvements  into  the  theory  of  the  double  layer  to  elim¬ 
inate  this  deficiency,  for  example,  by  assuming  that  the  centers  of 
the  anions  can  approach  closer  to  the  electrode  surface  than  the  cen¬ 
ters  of  the  cations  [7]. 

Let  us  Indicate  certain  consequences  following  from  Eq .  (11).  For 
this  purpose  Eq.  (11)  is  more  conveniently  written  in  this  form: 

*•“*•+  r  V^P- <«”" (  lla) 
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Let  the  quantity  be  small  as  compared  with  RT/F  (RT/F  =  25  mv 
at  18°),  i.e.,  the  work  performed  by  the  electrical  forces  in 
transporting  a  gram-ion  from  the  solution  into  the  douole  layer  is 
small  compared  with  the  energy  RT  of  the  thermal  motion.  Then,  expand¬ 
ing  the  exponential  functions  into  a  series  and  using  or ly  the  first 
two  terms  of  the  expansion,  the  expression  in  brackets  in  the  right 
part  of  Eq.  (11a)  can  be  replaced  by  i>  ^F/RT ,  hence 


and 


(15) 


(16) 


If  the  quantity  o  is  fairly  small,  the  second  term  in  the  right 
part  of  Eq.  (15)  may  be  neglected  compared  with  the  first  so  that  - 

-  ^  and 

•  =  £/*-  (17) 

where 


/--= 


RTU 


(18) 


As  is  evident  from  Eq .  (17),  the  quantity  l  defines  the  thickness 

of  a  flat  capacitor  whose  capacitance  is  equivalent  to  that  of  the  dif¬ 
fuse  double  layer.  This  quantity  is  analogous  to  the  so-called  thick¬ 
ness  of  the  ionic  atmosphere  known  from  the  theory  of  the  strong  elec¬ 
trolytes.  The  thickness  l  of  the  diffusion  layer  varies  in  Inverse  pro¬ 
portion  to  the  square  root  of  the  concentration  Eq.  (18).  With  increas¬ 
ing  temperature  and  dielectric  constant  the  diffuseness  of  the  double 
layer  Increases. 

If  the  electrolyte  has  not  1—1,  but  n  —  n  valency  (for  example, 
MgSOjj),  F  must  be  replaced  by  nf;  thus  the  thickness  of  the  double  lay¬ 
er  Is  inversely  proportional  to  the  valency  of  the  ions.  The  capacl- 
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tance  of  the  diffusion  double  layer  in  dilute  solutions  as  calculated 

in  accordance  with  Eq .  (16)  is  considerably  smaller  than  the  capaci- 

tance  of  a  dense  layer.  Thus,  in  10  N  solution  of  a  uni-univalent 

2 

electrolyte  it  is  only  3  uF/cm  . 

If  the  quantity  4^  is  positive  and  large  compared  with  RT/F  and 
the  concentration  a  is  not  too  small,  the  term  containing  as_ 

sumes  largest  value  in  the  right  part  of  Eq .  (11a)  and  the  equation 


(11a)  can  be  replaced  by  the  approximate  expression 
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const +2J£ In Inc.  (20) 

Under  analogous  conditions  we  obtain  for  a  negative  4^ 

a*  const  —  ^  In  ( -  *.)  +  Inc.  (20a) 

At  the  same  time  It  follows  for  small  values  of  4^  and  c  4^  - 
from  the  equations  (20)  and  (20a)  that  with  increase  In  qp^  the  further 
increase  in  4^  takes  place  very  slowly,  in  accordance  with  a  logarith¬ 
mic  law.  Thus,  with  increase  of  from  0.2  v  to  1  v,  i.e.,  by  0.8  v, 

4^  increases,  according  to  Eq .  (20)  by  only  0.08  v.  Hence  fn^  large 
values  of  and  not  too  small  c,  the  quantity  4/^  becomes  small  com¬ 
pared  with  cp^  and  the  capacitance  of  the  double  layer  approximates  the 
value  of  C  which  is  typical  for  the  dense,  nondiffuse  layer.  It  fo1 3 ?ws 
''rom  this  that  in  dilute  solutions  a  considerable  increase  in  the  c?.- 


pacitance  of  the  double  layer  should  take  place  in  proportion  to  an  in¬ 
crease  in  |  cp  I  . 

It  can  be  seen  from  the  equations  (20)  and  (21)  that  with  increas¬ 
ing  concentration  the  absolute  value  of  4^  decreases  in  accordance  with 
a  law  which  is  similar  to  the  commonly  used  Nernst  formula.  Finally,  it 
is  easy  to  see  that  in  the  above  case  the  quantity  4^  for  an  n-n-valent 
electrolyte,  all  other  conditions  being  equal,  is  n  times  smaller  than 
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for  a  uni-univalent  electrolyte.  Calculation  shows  that  in  the  case  of 
an  electrolyte  with  an  asymmetrical  structure  the  valency  of  the  ion 
with  a  sign  of  the  charge  opposite  to  the  sign  of  the  surface  charge 
plays  the  decisive  part  in  the  structure  of  the  diffuse  double  layer. 


Fig.  6.  ^  as  a  function  of  in  solutions  of  a  uni-univalent  electro¬ 
lyte  (at  20°C)  at  C  e  18  uF/cm^.  Concentration  in  moles  per  liter:  1) 

0.001;  2)  0.01;  3)  0.1;  *4)  1.0.  A)  Volt. 

It  is  clear  from  the  above  that  with  increasing  electrolyte  con¬ 
centration,  potential  drop  and  valency  of  the  ions,  the  structure  of 
the  double  layer  becomes  less  diffuse  and  comes  close  to  the  structure 
corresponding  to  an  approach  of  the  ions  to  the  minimum  possible  dis¬ 
tance  to  the  electrode  surface.  By  means  of  Eq.  (11)  and,  in  the  gener¬ 
al  case,  by  means  of  Eq.  (*J)  one  can  always  find  the  value  of  ^  and, 
consequently,  also  c  as  a  function  of  <Pa  if  the  composition  of  the  so¬ 
lution  and  the  magnitude  of  C  are  known.  The  values  for  ^  for  a  uni¬ 
univalent  electrolyte  of  different  concentration,  calculated  in  this 
way,  are  given  in  Fig.  6. 

In  the  following  we  shall  consider  the  complications  introduced 
into  the  structure  of  the  double  layer  by  the  specific  adsorption  of 

ions . 

f  y 
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§4.  EXPERIMENTAL  METHODS  FOR  THE  STUDY  OF  THE  DOUBLE  LAYER 

A  number  of  methods  has  been  developed  within  the  last  decades  for 
the  study  of  the  double  layer  which  have  greatly  enriched  our  knowledge 
of  It  [8].  Soviet  scientists  have  played  a  prominent  part  in  these  in¬ 
vestigations  . 

Measurement  of  the  capacitance  of  an  electrode  with  alternating 
current .  The  most  accurate  data  on  the  structure  of  the  double  layer  at 
the  metal/solution  interface  were  obtained  by  measurement  of  the  elec¬ 
trode  capacitance.  The  princple  of  this  method  consists  in  charging  the 
metal  surface  and  the  solution  with  certain  small  quantities  A Q  and  —A Q 
of  electricity  and  measuring  the  potential  variation  AT  of  the  elec¬ 
trode  . 

In  order  that  the  quantity  thus  obtained,  recalculated  for  the 
unit  of  electrode  surface,  should  express  the  capacitance,  it  is  essen¬ 
tial  that  the  imparted  charge  is  not  consumed  in  some  electrochemical 
reaction,  i.e.,  that  the  electrode  has  the  properties  of  ideal  polariz¬ 
ability.  The  measurements  of  this  kind  can  be  carried  out  by  the  same 
methods  as  those  used  for  the  measurement  of  the  capacitance  of  a  usual 
capacitor . 

The  basic  conditions  which  must  be  fulfilled  for  the  measurement 
of  electrode  capacitance  with  an  alternating  current  have  been  first 
formulated  in  1887  by  A.P.  Sokolov  [9]. 

A.P.  Sokolov  proposed  to  use  a  high-frequency  alternating  current 
for  capacitance  measurement  in  order  to  compel  the  "voltameter  to 
charge  itself  so  rapidly  that  collateral  processes  (adsorption  and  con¬ 
vection)  at  the  electrodes  cannot  take  place  to  any  great  extent  within 
this  short  period." 

The  principle  of  the  use  of  an  a.c.  current  consists  in  measuring 
the  potential  fluctuations  during  the  passage  of  a  current  with  a  cer- 
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Fig.  7.  Compensation  circuit  for  the  capacitance  measurement  on  the 
double  layer  of  an  electrode  with  alternating  current;  A)  Electrolytic 
cell;  B)  test  electrode;  C)  auxiliary  electrode  with  large  surface  for 
passing  an  a.c.  current  through  the  cell;  D)  auxiliary  electrode  for 
the  polarization  of  electrode  B  with  a  d.c.  current;  G)  a.c.  current 
generator;  N)  null  instrument  for  the  a.c.  current  (oscillograph). 

tain  intensity  or  that  one  compares  them  with  the  potential  fluctua¬ 
tions  of  a  reference  standard  of  known  capacitance.  One  of  the  possible 
compensation  circuits,  suitable  for  the  capacitance  measurement  of  the 
double  layer,  is  shown  in  Fig.  7.  The  letter  A  in  the  diagram  indicates 
the  cell  into  which  the  test  electrode  is  immersed.  The  a.c.  current  is 
passed  through  the  solution  between  the  t^st  electrode  B  and  the  auxii- 
iary  electrode  C.  The  potential  fluctuations  of  the  small  test  elec¬ 
trode  are  large  compared  with  the  potential  fluctuations  of  the  large 
electrode.  Hence  capacitance  measured  by  means  of  a  compensation  method 
can  be  considered,  with  a  sufficient  degree  of  accuracy,  to  be  equal  to 
the  capacitance  of  the  test  electrode.  The  a.c.  generator  G  serves  as 
the  current  source. 

Depending  on  the  conditions,  different  current  frequencies  from  1 
to  100,000  cycles  per  second  are  used  for  these  measurements.  A  conven¬ 
tional  sensitive  cathode  oscillograph,  sometimes  a  telephone  with  am- 
plifier  and,  at  low  frequencies,  a  galvanometer  with  short  period  serve 
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usually  as  the  null  instrument  N. 

An  ideally  polarizable  electrode  is  a  limit  case  which  can  be 
achieved  in  practice  only  with  a  certain  approximation.  Normally  the 
possibility  of  electrochemical  reactions  at  the  electrode  surface  can¬ 
not  be  excluded  completely.  A  certain  proportion  of  the  electrical 
charge,  imparted  to  the  electrode  in  order  to  shift  its  potential,  is 
actually  lost  not  for  charging  the  electrode  but  for  an  electrochemical 
reaction.  The  electrode  behaves  in  this  respect  like  a  capacitor  with  a 
leakage,  for  example,  a  capacitor  connected  in  parallel  with  a  certain 
resistance  R  (Fig.  8).  Hence  to  achieve  compensation  in  accordance  with 
the  scheme  of  Fig.  7,  a  resistance  must  also  be  included  in  parallel 
with  the  standard  cape  itance.  The  presence  of  such  a  leakage  during 
measurements  with  alternating  current  has  the  greater  effect  the  lower 
the  frequency  of  the  alternating  current.  The  inclusion  of  a  resistance 
is  also  necessary  to  compensate  the  ohmic  resistance  of  the  electro¬ 
lyte.  When  high-frequency  currents  are  used  the  capacitance  measure¬ 
ments  can  also  be  carried  out  in  presence  of  relative  large  leakage 
currents,  as  pointed  out  long  ago  by  A.P.  Sokolov. 

Let  us  consider  the  physical  meaning  of  the  capacitance  determined 

experimentally  by  means  of  alternating  current.  The  experimentally 

measured  capacitance  is  evicently  equal  to  A£/A<P;  recalculated  to  unit 

of  electrode  surface  it  is  equal  to  1/S  A<?/ACp  =  Ae/A<P  or,  because  <P  and 

qpQ  differ  only  by  a  constant  amount,  Ae/Acp^.  If  the  amplitude  of  the 

alternating  current  used  for  the  measurement  is  fairly  small  (if  it 

does  not  exceed  10-15  mv)  we  can  assume  approximately  Ae/A<P  *  3  -/3  'P  . 

a  <5  a 

The  quantity  3c/3tPa  is  termed  differential  capacitance  at  the  given 
value  of  the  potential  <PQ 
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Fig.  8.  Elec¬ 
trical  circuit 
of  a  capacitor 
with  capaci¬ 
tance  C  and 
leakage  via 
the  resistance 
R,  which  is 
equivalent  to 
an  electrode 
on  which  elec¬ 
trochemical 
reactions  take 
place . 


Ccp^),  the  measured 


If  the  electrode  had  a  constant  capacitance,  in¬ 
dependent  of  its  potential  (i.e.,  if  the  charge  were 
proportional  to  the  potential  c 
differential  capacitance  would  equal  the  capacitance 
of  the  electrode  C  (independently  of  the  amplitude  of 
the  current  used  for  the  measurement). 

Such  a  pattern  will  approximately  occur  in  con¬ 
centrated  solutions  in  which,  as  has  been  shown  in 
§3,  the  double  layer  is  not  very  diffuse  and  comes 
close  to  the  type  of  dense  double  layer  with  a  con¬ 
stant  distance  between  the  plates  and  constant  capac¬ 
itance.  In  other  cases,  however,  the  double  layer  has 
a  diffuse  structure,  the  degree  of  diffusiveness  and. 


consequently,  also  the  capacitance  depending  on  the  electrode  poten¬ 
tial.  The  theoretical  value  of  the  differential  capacitance  C d  may  be 
found  in  these  cases  by  differentiation  of  the  above  expressions  for  c 

with  respect  to  q>  . 

a 

Sometimes  it  is  more  convenient  when  studying  the  structure  of  the 
double  layer  to  use  the  value  of  the  Integral  capacitance 


C,-f.  (21a) 

The  quantity  C.  expresses  the  capacitance  of  a  capacitor  which,  at 
a  potential  difference  <pfl  between  the  plates,  carries  a  charge  equal  to 
the  charge  of  the  double  layer  and  which  can  thus  be  considered  as 
equivalent  to  the  double  layer  at  the  given  potential  tpfl.  Between  C ^ 
and  Cj  exists  the  obvious  relationship 


i  V 

C*-r\  Cidf, 

u  i 


As  will  be  evident  from  the  following, 


(22) 

the  quantities  C and  C ^ 
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can  differ  considerably  in  certain  cases. 

The  capacitance  measurement  with  alternating  current  can  be  used 
for  verifying  the  double  layer  theory.  Figure  9  gives  curves  showing 
the  differential  capacitance  of  a  mercury  electrode  as  a  function  of 


Fig.  9-  Differential  capacitance  of  a  mercury  electrode  as  a  function 
of  potential  for  KC1  and  HC1  solutions  with  different  concentration:  1) 
0.0001  N,  HC1 ;  2)  0.001  N  KC1 ;  3)  0.01  N  KC1 ;  4)  0.1  N  KC1;  5)  1  N  KC1 . 
Potential  measured  against  standard  hydrogen  electrode  (n.v.e.).  A) 
Volts . 


the  potential  for  different  KC1  and  HC1  solutions  with  different  con 
centrations  [10].  The  potentials  measured  relative  to  a  standard  hydro¬ 
gen  electrode  are  plotted  on  the  abscissa  axis.  In  dilute  solutions  the 
potential  of  the  "zero  point"  of  mercury  at  which  c  =  0  and  cpQ  =  0  is 
equal  to  ^  =  -0.2  v  at  this  scale. 

It  can  be  seen  that,  in  agreement  with  the  conclusions  of  the  pre¬ 
ceding  section,  a  minimum  is  observed  in  the  differential  capacitance 
curve  at  this  potential,  which  is  the  more  pronounced,  the  lower  the 
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concentration  of  the  solution,  at  the  point  of  zero  charge  the  double 
layer  has  the  most  diffuse  structure. 

It  is  also  evident  from  Fig.  9  that  the  capacitance  of  a  double 
layer  with  a  positive  charge  of  the  surface  (to  the  left  of  the  zero 
point)  is  considerably  larger  than  with  negative  charge,  and  that  it 
increases  very  strongly  in  presence  of  a  high  positive  surface  charge 
(deformation  of  anions).  For  comparison  purposes  Fig.  10  gives  curves 
showing  the  differential  capacitance  as  a  function  of  potential,  calcu 
lated  for  solutions  of  the  same  concentration  on  the  basis  of  the  equa¬ 
tions  of  the  theory  of  the  double  layer.  In  this  calculation  the  capac¬ 
itance  of  '  e  dense  layer  for  a  positively  charged  surface  was  taken  as 
36  pF/cm  (see  page  10)  and  for  a  negatively  charged  one  as  18  pF/cm' . 
It  can  be  seen  that  the  agreement  between  theory  and  experiment  is  gen¬ 
erally  quite  satisfactory  so  that  one  may  conclude  that  the  above-pre¬ 
sented  theory  of  the  double  layer  is  built  on  a  correct  foundation.  We 
ought  to  point  out  that  the  observed  minimum  capacitances  are  slightly 
larger  than  the  theoretical  ones. 


Fig.  10.  Differential  capacitance,  calculated  by  means  of  the  double 
layer  equation  for  solutions  of  a  uni-univalent  electrolyte  with  dif¬ 
ferent  concentrations:  1)  0.0001  N;  2)  0.001  N;  3)  0.01  N;  *0  0.1  N. 

A)  Volts;  B)  cm2. 

4 
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Figure  11  gives  differential  capacitance  curves  for  the  mercury 
electrode  in  normal  solutions  of  several  electrolytes  [7]. 

Because  the  capacitance  of  the  double  layer  is  enormously  sensi¬ 
tive  to  the  adsorption  of  surface-active  substances,  the  presence  of 
traces  of  high-molecular  organic  compounds  in  the  solution,  which  often 
contaminate  "chemically  pure"  reagents,  distorts  the  measurement  re¬ 
sults,  usually  reducing  the  capacitance.  Hence,  special  measures  should 
be  taken  in  the  measurement  of  the  capacitance  of  the  double  layer  to 
purify  the  reagents  and  the  metal  surface.  Nonobservation  of  these  pre¬ 
cautions  has  for  a  long  time  had  the  result  that  many  researchers  have 
obtained  too  low  capacitance  values  which  could  not  be  accounted  for 
from  the  point  of  view  of  the  theory  of  the  double  layer.  Correct  ca¬ 
pacitance  values  were  first  obtained  by  M.A.  Proskurnin  [11]. 

Measurement  of  surface  charge  by  means  of  the  charging  current. 

The  most  convenient  method  for  the  direct  determination  of  the  surface 
charge  is  the  measurement  of  the  quantity  of  electricity  which  must  be 
supplied  to  the  metal/solution  interface  during  Its  formation,  in  order 
to  create  a  certain  potential  difference  in  it.  As  In  the  preceding  in¬ 
stance,  it  Is  assumed  here  that  the  entire  quantity  of  electricity  Is 
used  to  charge  the  surface,  or.  In  other  words,  that  the  electrode 
practically  has  the  property  of  ideal  polarizability.  For  a  liquid  met¬ 
al,  for  example,  mercury,  this  method  is  most  easily  carried  out  by 
means  of  a  droD  electrode.  If  the  mercury  flows  into  the  solution  In 
the  form  of  individual  drops  at  constant  potential  <P  and  if  the  surface 
of  the  drops,  formed  in  unit  time.  Is  equal  to  5,  cS  coulombs  per  sec¬ 
ond  should  pass  through  the  system.  Thus,  the  mean  Intensity  of  the 
"charging  current"  I  which  Is  easily  measured  with  a  galvanometer.  Is 

7,-tf.  (23) 

Knowing  S,  e  is  readily  found  from  the  value  of  I  . 

z 


29 


In  Chapter  2  we  shall  consider’  in  greater  detail  the  charging  cur¬ 
rents  in  connection  with  the  phenomena  observed  when  the  current  of  an 
electrochemical  reaction  is  superposed  on  the  charging  current . 


Fig.  11.  Differential  capacitance  curves  for  the  mercury  electrode  in 
1  N  solutions  of  NaNCU  (1),  H-SO,  (2),  Na?SO,  (3),  NaCl  (4),  Nal  (5). 

A)  Volts;  B)  n.v.e.  J 

Variation  of  the  electrode  potential  during  the  passage  of  a  di¬ 
rect  current.  Polarization  measurements  consisting  in  the  measurement 
of  the  intensity  of  a  current  flowing  through  the  electrode  at  differ¬ 
ent  potentials  are  very  common  in  electrochemistry.  When  such  polariza¬ 
tion  curves  are  recorded  (expressing  the  rate  of  a  certain  electrochem¬ 
ical  process  as  a  function  of  the  electrode  potential)  one  tries  to 
keep  the  electrode  surface  in  an  unchanged  condition.  A  different  pic¬ 
ture  is  observed  when  the  current  is  passed  through  an  electrode  under 
conditions  in  which  a  long  duration  of  the  electrochemical  process  at 
constant  potential  is  impossible.  In  this  case  the  electrode  potential 
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varies  continuously  depending  on  the  quantity  of  electricity  which  has 
passed  through  it  or,  with  polarization  by  a  current  with  constant  in¬ 
tensity,  on  time.  The  Kazan'  professor  R.A.  Kolli  [12]  was  the  first  to 
use  the  measurement  of  the  potential  shift  of  the  electrode  during  the 

passage  of  a  current  for  a  certain  length  of  time  for  the  determination 

2 

of  capacitance  and  found  a  value  of  150  uF/cm  for  the  capacitance  of  a 
platinum  electrode. 

The  curves  which  show  the  potential  as  a  function  of  the  quantity 
of  electricity  imparted  to  the  electrode  are  termed  charging  curves. 

The  charging  curve  for  mercury  in  HC1  solution  [2]  is  represented  in 
Fig.  12.  By  means  of  the  charging  curves  one  can  find  the  differential 
and,  if  the  position  of  the  zero  point  is  known,  also  the  integral  ca¬ 
pacitance  of  the  electrode  (Eq.  (22)). 

The  method  of  capacitance  measurement 
with  a  direct  current  can  also  be  used  as  a 
method  for  determining  the  true  surface  area 
of  the  electrode,  for  example,  the  surface  of 
the  active  material  of  the  negative  plate  of  a 
lead  battery.  As  we  know  that  the  capacitance 

of  a  smooth  negatively  charged  surface  is  17 
2 

uF/cm  ,  we  obtain  the  true  surface  of  the 
plate  by  dividing  the  capacitance  of  the  real 
negative  battery  plate,  measured  by  the  method 
of  charging  curves,  by  this  value  [13]. 

In  the  practical  application  of  the  method  of  charging  curves  one 
has  to  take  into  account  primarily  the  difficulty  of  a  complete  exclu¬ 
sion  of  electrochemical  side  reactions  during  the  recording  of  the 
curve.  For  example,  the  solution  always  contains  small  quantities  of 
oxygen  or  other  oxidants,  which  are  reduced  during  the  cathodic  polari- 


Fig.  12.  Charging 
curve  for  mercury  In 
1  N  HC1  solution.  A) 
Volt  (n.v.e. ) ;  B) 
coul . 


zation  of  the  electrode.  In  order  that  the  results  should  not  be  dis¬ 
torted,  it  is  indispensable  to  reduce  the  influence  of  these  reactions 
to  a  minimum,  i.e.,  to  create  conditions  such  that  the  intensity  of  the 
charging  current  is  great  compared  with  the  intensity  of  the  current  of 
these  collateral  electrochemical  processes. 

This  problem  can  be  solved  by  different  methods.  One  of  these  con¬ 
sists  in  carrying  out  the  recording  of  the  charging  curve  within  a  min¬ 
imum  interval  of  time,  i.e.,  with  a  large  current  density,  with  oscil¬ 
lographic  recording  of  the  potential.  This  method,  which  many  British 
authors  have  used  (for  example,  Raydil,  Bowden,  Butler),  has  an  impor¬ 
tant  deficiency  which  consists  in  the  following.  As  will  be  evident 
from  the  following,  while  the  charging  of  the  double  layer  takes  place 
very  rapidly,  other  changes  of  the  state  of  the  metal  surface  often 
proceed  slowly.  When  the  potential  varies  quickly,  they  lag  behind  com¬ 
pared  with  the  variation  of  the  charge  of  the  double  layer,  and  the 
electrode  thus  cannot  reach  the  equilibrium  state  corresponding  to  the 
new  value  of  the  potential. 

Methods  of  recording  charging  curves  which  are  free  of  these  de¬ 
ficiencies  have  been  developed  by  the  Soviet  scientists  A. I.  Shlygin 
and  B.V.  Ershler  [8],  The  first  of  these  methods  [1^1]  consists  in  the 
use  of  an  electrode  with  very  large  true  surface,  such  as,  for  example, 
a  platinized  platinum  electrode.  In  this  case  even  if  the  true  density 
of  the  charging  current  is  small,  the  total  current  intensity  is  fairly 
large,  and  side  processes  caused  by  diffusion  of  impurities  from  the 
volume  of  the  solution  to  the  electrode  cannot  distort  the  charging 
curve.  Electrodes  of  platinized  platinum  and  analogous  electrodes  with 
a  developed  surface  of  iridium,  rhodium,  lead,  silver  and  other  metals 
have  been  studied  by  this  method. 

In  the  second  method  [15]  an  advantageous  relation  between  the 
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surface  and  volume  processes  Is  achieved  not  by  increasing  the  surface 
but  by  decreasing  the  volume  of  the  solution.  To  this  end  the  electrode 
in  the  form  of  a  cylinder  A  is  inserted  into  the  tube  B  which  is  filled 
with  electrolyte  and  which  has  almost  the  same  length  and  internal  di¬ 
ameter  as  the  electrode  (Fig.  13).  The  impurities  in  the  small  volume 
of  solution  between  the  electrode  and  the  walls  of  the  cell  are  so  few 
that  they  cannot  interfere  with  the  recording  of  the  charging  curves. 

Variation  of  the  composition  of  the  solution  dur¬ 
ing  the  formation  of  the  double  layer.  The  formation  of 
a  double  layer  when  a  metal  comes  into  contact  with  a 
solution  causes  a  variation  of  the  composition  of  the 
solution.  Thus,  for  example,  when  silver  comes  into 
contact  with  a  solution  of  silver  nitrate,  the  silver 
ions  donate  their  positive  charges  to  the  metal  surface 
which  attracts  the  NO"  ions.  Thus,  a  certain  Quantity 
of  silver  nitrate  disappears  from  the  solution  during 
the  formation  of  the  double  layer.  When  platinized 
platinum,  saturated  with  hydrogen  und^i-  atmospheric 
pressure,  comes  into  contact  w^.ch  a  solution  of  potas¬ 
sium  chloride,  part  of  the  adsorbed  hydrogen  is  ionized 
and  goes  into  solution,  the  surface  is  charged  nega¬ 
tively  and  attracts  potassium  ions.  As  a  result  part  of  the  potassium 
ions  in  the  solution  are  replaced  by  hydrogen  ions  and  the  solution  is 
acidified.  At  very  low  concentration  of  the  adsorbed  hydrogen  the  for¬ 
mation  of  the  double  layer  is  accompanied  by  a  discharge  of  hydrogen 
ions  at  the  surface  of  the  plate  which  then  becomes  positive  and  at  - 
tracts  Cl"  anions.  As  a  result  a  certain  quantity  of  HC1  disappears, 
and  the  initially  neutral  KC1  solution  becomes  alkaline. 

If  the  electrode  surface  is  small,  the  variations  in  the  composi- 


Fig.  13.  De¬ 
vice  for  re¬ 
cording 
charging 
curves  on 
electrodes 
with  smooth 
surface . 
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tion  of  the  solution  are  slight  and  escape  detection.  Indeed,  for  exam¬ 
ple,  when  the  surface  charge  is  2*10-^  coulombs  per  cm? ,  only  2  •IQ-"1'0 
gram-equivalents  of  ions  are  consumed  in  the  formation  of  the  double 
layer.  Hence  in  electrochemistry  the  equilibrium  potential  of  the  elec 
trode  is  normally  associated  with  the  initial  composition  of  the  soli’ 
tion  on  the  assumption  that  the  latter  does  not  undergo  any  changes  up¬ 
on  contact  with  the  electrode.  However,  if  the  true  electrode  surface 

p 

is,  for  example,  10  m  ,  the  formation  of  a  double  layer  already  causer 

_*3  *3 

a  variation  of  normally  2*10  J  in  10  cm  of  solution,  which  is  easily 
observed . 

A.N.  Frumkin  and  A.D.  Obrucheva  were  the  first  to  point  out  the 
peculiarities  of  the  adsorption  effects  which  accompany  the  formation 
of  the  double  layer.  These  adsorption  phenomena  are  sometimes  termed 
potential-determining  adsorption,  and  in  the  case  when  the  Initial  so¬ 
lution  was  neutral  and  free  acids  or  alkali  appeared  In  it  as  a  result 
of  the  Interaction  with  the  electrode,  as  in  the  hydrolysis  of  salts, 
they  were  termed  hydrolytic  adsorption. 

The  variations  of  the  composition  of  a  solution  can  be  utilized 
for  the  study  of  the  structure  of  the  double  layer  In  the  case  of  elec¬ 
trodes  of  platinum  or  carbon  which  have  a  highly  disperse  structure 
[16,  17],  and  also  of  mercury,  which  can  be  given  a  large  surface  by 
disintegrating  a  fast-moving  jet  into  small  droplets. 

If  the  adsorption  measurements  are  carried  out  at  different  elec¬ 
trode  potentials  it  is  possible  to  determine  the  charge  of  the  double 
layer  as  a  function  of  the  potential .  l  ftgure  1*J  gives  the  adsorption  of 
the  Na+  ion  as  a  function  of  potential  for  the  case  of  platinized  plat¬ 
inum  in  a  hydrogen  atmosphere  [1*1].  The  potential  of  this  electrode  was 
varied  by  variation  of  the  composition  (pH)  of  the  solution.  Under  con- 
ditions  of  "ideal  polarizability"  of  the  electrode  the  potential  can  be 

-  3**  - 


conveniently  varied  by  supplying  increasing  quantities  of  charge  to  the 
electrode  from  without.  Thus,  the  adsorption  measurements  can  be  com¬ 
bined  with  the  recording  of  the  charging  curves  and  the  data  thus  ob¬ 
tained  can  be  compared.  Further  on  we  shall  present  some  results  of 
this  comparison. 

Motion  of  solid  particles  under  the 
Influence  of  an  electric  field.  As  has 
been  pointed  out  in  §2,  the  measurement 
of  the  velocity  of  motion  of  solid  parti¬ 
cles  in  a  solution  when  an  external  field 
is  applied,  makes  it  possible  to  deter¬ 
mine  the  electrokineti c  potential,  whose 
value  for  the  case  of  dilute  solutions  is 
close  to  that  which  we  have  termed  the  ^ 
potential.  Thus  the  electrokinetic  phe¬ 
nomena,  such  as,  for  example,  the  cata- 
phoresis  of  metal  salts  or  the  deflection 
of  metal  wire,  immersed  in  an  electrolyte 
and  attached  at  one  end,  in  an  electric  field  can  also  provide  informa¬ 
tion  on  the  structure  of  the  double  layer  and  the  sign  of  the  surface 
charge.  The  correctness  of  the  results  obtained  by  the  method  of  charg¬ 
ing  curves  and  adsorption  measurements  has  thus  been  confirmed  [1,  4l]. 

§5.  ELECTROCAPILLARITY  PHENOMENA 

The  first  information  on  the  structure  of  the  double  layer  on  mer¬ 
cury  and  other  liquid  or  molten  metals  in  different  media  has  been  ob¬ 
tained  by  the  study  of  the  interface  surface  tension  at  the  metal/solu¬ 
tion  interface  as  a  function  of  the  potential.*  This  relationship  can 
be  found  experimentally  by  determining  the  interface  tension  at  differ- 
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Fig.  14.  Adsorption  of  so¬ 
dium  ions  on  platinized 
platinum  in  a  hydrogen  at¬ 
mosphere  from  a  NaCl  solu¬ 
tion  as  a  function  of  po¬ 
tential  at  different  pH 
values.  A)  gNa+  coulomb/ 

cm2;  B)  qp  volt  (n.v.e.). 
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ent  potentials  by  means  of  a  capillary  electrometer  or  other  analogous 

methods . 

In  the  capillary  electrometer  of  Gouy  (Fig.  15)  normally  used  for1 
this  purpose  one  measures  the  pressure  of  a  column  of  mercury  required 
at  a  given  potential  of  the  mercury,  measured  relative  to  a  constar* 
auxiliary  electrode,  for  causing  the  mercury  meniscus  at  the  conical 
capillary  (a)  to  be  at  a  certain  distance  from  its  end.  It  is  assumed 
that  the  solution  wets  the  walls  of  the  capillary  completely.  Accordin 
to  the  theory  of  capillarity  the  height  of  the  mercury  column  under 
these  conditions  is  proportional  to  the  interface  tension  o  at  the  in¬ 
terface.  The  potential  difference  <p  between  the  surface  of  the  mercury 
or  other  liquid  metal,  which  we  shall  consider  as  ideally  polarizable, 
and  the  auxiliary  electrode  c  is  varied  by  means  of  the  potent lometc r 
d. 


Fig.  15.  Circuit  of  the  capillary  electrometer,  a)  Capillary;  b)  solu¬ 
tion;  c)  auxiliary  electrode;  d)  potentiometer  (battery  and  resistance 
box)  for  applying  the  potential  to  the  mercury  meniscus  in  the  capilla¬ 
ry;  e)  lifting  device  for  the  mercury  vessel  for  varying  the  mercury 
pressure  in  the  capillary. 


Tht  graphic  representation  of  a  as  a  function  of  cp  is  termed  elec¬ 


trocapillary  curve  (Fig.  16 ,  curve  a).  The  differential  equation  of  th> 
electrocapillary  curve  which  can  be  obtained  by  a  thermodynamic  method 
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(Lippman  equation)  has  the  following  form: 


(24) 


Equation  (24)  enables  ‘he  charge  of  the  double  layer  to  be  deter¬ 
mined  from  the  slope  of  the  electrocapillary  curve.  If  a  is  expressed 
in  dynes  per  centimeter,  and  <p  in  volts,  the  numerical  value  of  —  y— 

_7 

must  be  multiplied  by  10  in  order  to  obtain  the  magnitude  of  e  in 

2 

coulombs  per  cm  .  The  Lippman  equation  can  be  verified  by  comparison  of 
the  quantity  e,  calculated  from  ohe  slope  cf  the  electrocapillary  curve 
(curve  b  in  Fig.  16)  with  the  values  found  experimentally,  for  example, 
from  the  charging  currents. 

By  differentiating  Eq .  (24)  with  respect  to  cp  we  obtain 


di  as 


(25) 


Thus  the  second  derivative  of  the  interface  tension  with  respect 
to  the  potential  taken  with  the  opposite  sign  expresses  the  differen¬ 
tial  capacitance  of  the  electrode  which  can  be  measured  directly  with 
great  accuracy.  This  also  makes  an  experimental  verification  of  Eq . 


Fig.  16.  Interphase  tension  o  (curve  a)  and  charge  e  of  the  mercury 
surface  (curve  b)  as  a  function  of  potential.  A)  Dyne/cm;  B)  coulomb/ 
cm^ ;  C)  volt. 


(24)  possible.  Different  methods  of  verification  confirmed  the  correct¬ 
ness  of  this  equation. 
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It  follows  from  Eq .  (24)  that  the  charge  c  Is  zero  at  the  poten¬ 
tial  corresponding  to  the  maximum  of  the  electrocapillary  curve,  posi¬ 
tive  at  more  positive  potentials  and  negative  at  more  negative  poten¬ 
tials  . 

The  literature  contains  a  large  number  of  derivations  of  Eq .  (2^). 
We  present  here  a  derivation  which  is  based  on  the  adsorption  formula 
of  Gibbs  and  which  is  discussed  in  most  manuals  on  physical  and  colloid 
chemistry : 

(26) 

In  this  equation,  u  -  expresses  the  chemical  potential  of  the  ith 
component  of  a  solution.  In  dilute  solutions,  as  we  know, 

t*(  const  -f  KTInCi  (27) 

The  quantity  r.,  the  surface  density  of  the  i th  component,  can  be 

determined  by  different  methods.  The  following  determination  method 

will  be  convenient  fo^  our  purposes.  We  increase  the  interface  area  by 
2 

1  cm  .  During  the  formation  of  fresh  interfacial  area  the  composition 

of  the  solution  changes.  If  we  desire  that  after  the  increase  in  the 

interfacial  area  the  composition  of  the  solution  and  the  surface  layer 

remain  unchanged,  r .  moles  of  each  solution  component  must  be  added  to 

the  system.  We  carry  out  the  summation  in  Eq .  (26)  for  all  components 

except  for  the  solvent  itself.  In  the  case  of  the  common  adsorption 

processes  the  quantities  r  .  obviously  express  the  number  of  moles  of 

2 

the  ith  component,  adsorbed  on  1  cm"  of  surface.  In  order  to  change 
over  from  the  Gibbs  equation  to  the  Lippman  equation,  we  isolate  from 
all  the  components  of  the  system  the  ions  which  can  pass  through  the 
metal/solution  interface,  i.e.,  in  the  case  of  mercury,  the  Hgp  +  ions. 

If  during  the  formation  of  one  square  centimeter  of  fresh  mercury/ 
solution  Interface  area  the  charge  density  is  to  be  kept  constant,  c/2 F 
moles  of  Hgp+  ions  must  pass  from  the  solution  to  the  metal  according 
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to  the  Faraday  law.  Thus, 

rM«l*“3F  (28) 

and,  consequently, 


dam,  —  rHti.  —  2  ~~  2  ft  ^  •  (29) 


where  the  summation  Is  now  confined  to  the  remaining  dissolved  sub¬ 
stances  . 


Between  the  quantity  wH_++  and  the  potential  difference  <p  exists 
the  thermodynamic  relation 


f  =  const +  (30) 

which,  according  to  Eq .  (27),  for  dilute  solutions  assumes  the  form  of 
the  usual  Nernst  formula. 

It  follows  from  Eqs.  (29)  and  (30)  that 


—tdf  —  S  (31) 

Equation  (31)  is  the  general  thermodynamic  basis  of  the  theory  of 
the  electrocapillar 3 ty  phenomena. 

For  dilute  solutions,  expressing  in  accordance  with  Eq .  (27)  u„. 
through  we  can  write 

rfo- (32) 

In  the  particular  case,  when  <p  at  the  metal/ solution  interface 
varies,  du  •  =  0  is  valid  in  a  solution  of  constant  composition,  and  Eq . 
(31)  is  transformed  into  the  Lippman  equation. 

If  we  determine  0  as  a  function  of  c.  experimentally  at  constant 
p,  we  can,  according  to  Eq.  (32)  find  the  values  of  r  . ,  i.e.,  the  ad- 
sorption  on  the  mercury  surface  for  different  components  of  the  solu¬ 
tion.  This  Droblem  will  be  investigated  in  greater  detail  in  §7- 

A  comparison  of  the  dependence  of  o  on  with  the  dependence  of  o 
on  the  concentration  of  the  dissolved  electrolyte  enables  us  to  predict 
how  the  shape  of  the  electrocapillarity  curve  should  vary  with  varia- 
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Fig.  17.  Shape  of  the  electrocapillarity  curves  as  a  function  of  the 

concentration  of  KNO^  solutions:  1)  1  N;  b)  0.1  N;  c)  0.01  N;  d)  0.001 

N.  A)  Dyne/cm;  B)  volt. 

tion  of  the  concentration.  For  the  sake  of  simplicity,  we  shall  consid¬ 
er  the  case  in  which  the  adsorption  of  ions  in  the  double  layer  is 
caused  only  by  electrical  forces  and  in  which  only  one  electrolyte  with 
a  concentration  c  is  present  in  the  solution.  Then,  according  to  Eq . 
(32) 

a.- _,dT_#r(rK+ no  dine,  (33) 

where  and  ,  respectively,  are  the  adsorbed  quantities  of  cation 
and  anion.  The  charge  of  the  ion  envelope  of  the  double  layer  is  obvi¬ 
ously  (n^r^  —  where  n ^  and  are  the  valencies  of  the  cation 

and  anion,  from  which  follows 

t--(«*r*-/«ArA)/r.  (3*0 

Let  us  assume  that  the  metal  surface  carries  a  fairly  strong  nega¬ 
tive  charge  and  that  specific  adsorption  phenomena  are  absent.  Then  we 
can  use  the  approximation 

—  -nKVKF  (35) 

and,  according  to  Eq.  (33), 

<l.-nKTKF(df--^rdlnc').  (36) 
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It  follows  from  Eq.  (36)  that  da  *  0  If 

df-~rd\nc-0, 

nKr 

or,  in  other  words,  when  the  concentration  varies  by  the  amount  do , 
the  negative  branch  of  the  electrocapillarity  curve  is  displaced  paral¬ 
lel  to  itself  by  the  distance  ( RT/n^F ) d  In  c. 

When  the  solution  is  diluted  this  displacement  occurs  in  the  di¬ 
rection  of  the  more  negative  potentials.  Analogously,  the  displacement 
of  the  positive  branch,  as  is  easily  shown,  takes  place  in  the  opposite 
direction  by  the  amount  (RT/n  ^F)d  In  c.  As  a  result,  the  electrocapil¬ 
lary  curves  become  flatter  when  the  solution  is  diluted  (Pig.  17).  The 
above  derived  relations  can  also  be  obtained  from  the  theory  of  the 
double  layer  which  enables  the  quantity  ip,  and,  consequently,  also  e, 
to  be  determined  as  a  function  of  the  concentration  of  the  solution  by 
means  of  the  equations  (20)  and  (20a). 

§6.  ZERO  CHARGE  POTENTIALS 

The  electrode  potential  at  which  e  =  0  (measured  relative  to  some 
auxiliary  electrode,  for  example,  the  normal  hydrogen  or  normal  calomel 
electrode)  is  termed  zero  charge  potential  or  zero  point  of  the  metal 
qp^ .  When  the  electrode  potential  passes  through  this  point  the  sign  of 
the  surface  charge  changes  which,  as  will  be  evident  from  the  follow¬ 
ing,  can  be  of  great  importance  for  the  kinetics  of  the  electrode  proc¬ 
esses.  Further  on  it  will  also  be  shown  that  at  potentials  close  to  the 
zero  charge  potential,  the  electrode  has  the  maximum  capacity  for  ad¬ 
sorbing  dissolved  organic  substances  and  is  less  well  wetted  by  the 
solvent.  These  two  circumstances  are  also  of  significance  for  the 
course  of  the  electrochemical  processes.  Hence  the  determination  of  the 
zero  charge  potential  is  of  interest  for  electrochemical  kinetics  [1, 
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25,  28]. 


In  the  absence  of  a  surface  charge  at  the  metal/solution  interfa 
processes  of  adsorption  of  ions  and  molecules,  which  we  have  termed 
specific  and  which  modify  the  potential  difference  between  the  metal 
and  the  solution,  can  also  take  place.  In  this  section  we  shall  examii.' 
the  zero  charge  potentials  in  the  absence  of  specific  adsorption. 

The  above-described  methods  of  measuring  the  surface  charge  and 
capacitance  and  also  other  methods  such  as  the  measurement  of  the  in 
terfacial  tension,  wettability,  etc.,  are  used  for  the  determination  f 
the  zero  charge  potential. 

The  first  data  on  the  zero  charge  potential  were  obtained  by  me  urn 
of  measurement  of  the  interfacial  tension  as  a  function  of  potential  on 
the  basis  of  Eq .  (2*4)  and  also  by  means  of  a  determination  of  the  po¬ 
tential  of  the  disconnected  drop  electrode.*  The  first  method  (electro¬ 
capillary  measurements)  has  lately  been  frequently  used  for  the  deter¬ 
mination  of  the  zero  points  of  liquid  metals:  gallium,  thallium  amal¬ 
gam,  molten  tin,  cadmium,  lead,  zinc,  etc.  The  determination  of  the 
zero  charge  potentials  in  melts,  carried  out  in  several  studies  of  S.V. 
Karpachev  [18]  is  also  of  great  interest  for  the  electrochemistry  of 
aqueous  solutions  because,  as  experiments  have  shown,  the  difference  in 
the  position  of  the  zero  points  varies  little  upon  transition  from  the 
solid  metals  in  aqueous  solutions  at  room  temperature  to  molten  metals 
at  temperatures  of  400-500°C. 

The  interface  tension  at  the  solid  metal/solution  interface  cannot 
be  measured  directly,  but  P.A.  Rebinder  succeeded  in  observing  a  phe¬ 
nomenon  which  enables  the  variation  of  the  surface  energy  of  a  solid 
during  variation  of  the  potential  to  be  observed  [19].  According  to  the 
theory  of  the  disintegration  of  solids  of  P.A.  Rebinder  every  influence 
which  results  in  a  decrease  in  the  surface  tension  in  the  internal  mi- 
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crocracks  formed  during  the  process  of  mechanical  rupture,  causes  a 
decrease  in  the  hardness  of  the  solid  and  its  capacity  to  withstand 
brittle  or  plastic  deformation.  Thus  a  possibility  is  opened  up  for  de¬ 
termining  the  electrocapillarity  curves  of  solids  on  the  basis  of  their 
hardness  change  with  potential  variation. 

Figure  18  gives  the  curve  (a)  representing  the  hardness  of  thalli¬ 
um  as  a  function  of  the  potential  in  1  N  ^£50^  [10]  and  the  curve  (b) 
of  the  surface  tension  of  saturated  thallium  amalgam  in  the  same  solu¬ 
tion  [20].  The  two  curves  are  entirely  analogous  and  the  potentials 
corresponding  to  the  curve  maxima  are  very  close;  this  indicates  that 
the  hardness  measurement  can  be  used  as  a  method  for  determining  the 
zero  points. 


Fig.  18.  Curve  showing  the  hardness  of  thallium  (a)  and  the  surface 
tension  of  saturated  thallium  amalgam  (b)  in  IN  Na^SO^  as  a  function 

of  the  potential.  A)  Dyne/cm;  B)  volt  (n.v.e.). 

Another  widely  used  method  for  the  determination  of  the  zero 
charge  potential  is  the  measurement  of  the  capacitance  of  the  double 
layer  in  dilute  solution.  As  we  have  shown  (page  )  it  follows  from 
the  theory  of  the  double  layer  that  near  the  zero  point  the  degree  of 
diffuseness  of  the  double  layer  is  at  a  maximum  and,  consequently,  its 
capacitance  is  a  minimum.  Thus  the  zero  charge  potential  can  be  found 
from  the  position  of  the  minimum  on  the  curve  which  represents  the  dif¬ 
ferential  capacitance  as  a  function  of  the  potential.  For  example,  the 
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Zero  Charge  Potentials  cp  In  Aqueous  Solutions  at 
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A)  Electrode;  B)  zero  charge  potential  In  volts,  relative  to  n.v.e.;  C 
composition  of  solution;  D)  method;  a)  cadmium;  b)  thallium;  c)  lead; 
d)  thallium,  saturated  amalgam;  e)  zinc;  f)  gallium;  g)  mercury;  h) 
graphite;  i)  silver;  k)  activated  charcoal;  1)  platinum  in  hydrogen  at 
mosphere;  m)  tellurium;  n)  platinum  oxidized;  o)  N;  p)  dilute  electro¬ 
lyte  solutions  (in  absence  of  specific  adsorption);  q)  capacitance 
measurements;  r)  the  same;  s)  electrocapillarity  measurements;  t)  hard 
ness  measurements;  u)  electrocapillarity,  capacitance,  and  charging 
current  measurements;  v)  adsorption  measurements;  w)  contact  angles. 


zero  points  of  solid  lead,  thallium  and  zinc  [21,  22]  have  been  deter¬ 
mined  by  this  method. 

In  the  case  of  solids  from  which  electrodes  with  a  highly  devel¬ 
oped  surface  can  be  easily  made,  such  as  platinum  or  carbon,  the  poten¬ 
tial  of  the  zero  point  at  which  the  adsorption  of  cations  as  well  as 
anions  ceases,  can  be  found  from  measurements  of  electrolyte  adsorption 
[16]. 

It  will  be  shown  in  Chapter  5  that  measurements  of  the  contact  an¬ 
gles  at  the  three-phase  interface  metal/solution/gas  can  also  be  used 
for  the  determination  of  the  position  of  the  zero  point  of  the  elec¬ 
trodes.  In  the  absence  of  a  charge  the  wetting  of  the  metal  by  the  so¬ 
lution  is  a  minimum  and  the  above-mentioned  contact  angle  is  a  maximum. 
The  zero  charge  potentials  of  mercury,  thallium  amalgam,  platinum  and 
several  other  metals  have  been  determined  by  this  method  [23]. 

Table  1  gives  the  zero  charge  potentials  q>n  measured  by  different 
methods  relative  to  the  potential  of  the  normal  hydrogen  electrode 
(n.v.e.)  on  several  metals. 

It  can  be  seen  from  Table  1  that  the  zero  point  potentials  of  dif¬ 
ferent  electrodes  differ  considerably.  From  this  follows  an  Important 
conclusion  which  we  shall  explain  by  means  of  a  concrete  example.  We 
construct  a  circuit  of  a  thallium  electrode,  an  electrolyte  solution 
and  a  platinum  electrode  saturated  with  hydrogen.  We  choose  the  condi¬ 
tions  at  the  interface  between  the  thallium  and  the  solution  and  also 
between  the  platinum  and  the  solution  in  such  a  way  that  neither  of  the 
two  interfaces  carries  a  charge,  i.e.,  that  each  electrode  is  at  its 
zero  point,  }  Inally,  we  connect  the  electrodes  by  means,  for  example, 
of  copper  wires  with  some  device  for  the  potential  measurement.  Then, 
according  to  Table  1,  we  detect  a  potential  difference  of  0.91  v  be¬ 
tween  the  ends  of  the  chain  although  there  are  no  ionic  double  layers 
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in  this  circuit. 

This  potential  difference  is  composed  of  the  potential  difference; 
which  may  be  localized  at  the  surface  layers  of  the  metals  at  the  In¬ 
terface  with  the  solution  but  which  do  not  involve  a  process  of  ion  in i 
gration  and  can  also  be  present  at  the  interfaces  between  metals.  The 

presence  of  a  solvent,  •  '‘ter,  is  not  essential  for  the  appearance  of 
such  a  potential  difference. 

In  fact  it  is  known  that  in  presence  of  a  conducting  contact  be¬ 
tween  two  metals  in  a  vacuum  a  potential  drop  is  also  established  in 
the  space  between  them  which  is  usually  referred  to  as  contact  poten¬ 
tial  difference.  The  existence  of  contact  potential  differences  exert 
an  important  influence  on  the  processes  of  electron  emission  and  is  of 
great  importance  for  radio  engineering.*  The  zero  charge  potential 
differences  of  different  metals  may  be  regarded  as  quantities  analogous 
to  the  contact  potential  differences,  but  measured  not  in  vacuo  but  In 
a  liquid  medium,  water. 

The  measurements  of  S.V.  Karpachev  [18]  who  showed  that  the  zero 
point  potential  differences  In  many  cases  are  similar  to  the  contact 
potential  differences  measured  in  vacuo,  are  in  complete  agreement  with 
this  conclusion. 

Thus  the  Investigation  of  the  structure  of  the  double  layer  leads 
us  to  the  conclusion  that  the  potential  difference  at  the  ends  of  a 
galvanic  circuit,  equal  to  its  electromotoric  force,  consists  of  two 
components:  one  of  these  is  composed  of  the  potential  differences  in 
the  ionic  double  layers  and  the  other  is  analogous  to  the  contact  po¬ 
tential  difference  between  metals  In  vacuo. 

The  problem  of  the  relationship  between  the  e.d.s.  of  a  galvanic 
circuit  and  the  contact  potential  difference  has  always  Interested  the 
electrochemists  (the  so-called  Volta  problem)  [25]. 
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P.  Fngels  in  his  "Dialectic  of  Nature"  has  given  great  attention 
to  it.  The  German  electrochemical  school  following  W.  Nernst,  has  con¬ 
nected  for  a  long  time  the  appearance  of  a  potential  difference  at  the 
ends  of  a  galvanic  circuit  exclusively  with  the  formation  of  ionic 
double  layers  without  taking  into  account  the  contact  potentials.  An 
opposite  point  of  view  was  upheld,  for  example,  by  Langmuir  [26]  who 
identified  the  total  e.d.s.  of  the  circuit  with  the  contact  potential 
difference  between  metals.  As  follows  from  the  above  both  these  points 
of  view  are  erroneous;  a  correct  solution  of  the  Volta  problem  became 
possible  only  after  A.N.  Frumkin  and  co-workers  elucidated  the  meaning 
of  the  zero  points  of  metals,  gave  methods  for  the  determination  of 
their  positions  and  established  their  connection  with  the  contact  po¬ 
tential  difference. 

The  existence  of  potential  differences  in  the  surface  layer  of  a 
metal  in  vacuo  according  to  Ya.I.  Frenkel*  [27]  is  due  to  the  fact  that 
the  electron  gas  in  the  metal  extends  slightly  beyond  the  limits  of  the 
positive  ions  of  the  metal  lattice.  This  distribution  of  the  electron 
cloud  is  connected  with  the  so-called  "zero"  (i.e.,  retained  at  abso¬ 
lute  zero)  kinetic  energy  of  the  electron  gas;  these  questions  are  dis¬ 
cussed  in  the  electronic  theory  of  metals.  The  potential  differences  in 
the  surface  layer  of  a  metal  exist  independently  of  whether  the  metal 
is  in  a  vacuum  or  in  contact  with  a  solvent,  but  th?ir  magnitude  may 
vary  slightly  during  contact  with  a  liquid  medium.  In  consequence  of 
this  a  certain  parallelism  should  be  observed  between  the  contact  po¬ 
tentials  in  vacuo  and  the  difference  of  the  position  of  the  zero  points 
but  not  necessarily  an  accurate  quantitative  coincidence. 

When  the  metal  comes  into  contact  with  a  solvent  the  potential 
variation  in  the  ionic  double  layer  which  we  have  already  discussed  is 
superposed  on  the  electronic  potential  difference  in  the  surface  layer 


of  the  metal  and,  as  we  shall  see  In  §7,  the  potential  differences'  , 
caused  by  the  adsorption  of  ions  and  molecules  of  the  solven  and  sol 
utes .  Thus  the  total  {  otential  difference  at  the  metal/solut ion  Inter¬ 
face  is  composed  of  a  number  of  hetergeneous  components.  At  the  t  res 
time  there  are  not  direct  experimental  methods  for-  the  determinat  Ion 
the  magnitude  of  a  single  potential  difference.*  If  we  had  an  accurate 
picture  of  the  electron  distribution  In  the  surface  layer  of  the  meta 
and  liquid,  we  could  calculate  this  value  but  the  level  of  developmci 
of  the  theory  does  not  enable  such  calculations  to  be  carried  out  at 
present  with  a  sufficient  degree  of  accuracy.  Ht-r.ce  the  problem  of  tl 
determination  of  the  values  of  the  individual  potential  differences  re¬ 
conditions  at  which  they  vanish  (the  so-called  "absolute  zero  of  the 
potentials")  which  has  often  been  examined  by  the  electrochemists,  rt 
mains  as  yet  unsolved. 

However,  a  knowledge  of  the  Individual  potential  differences  is 
not  essential  for  the  solution  of  concrete  electrochemical  problems  so 
that  the  problem  of  the  "absolute  zero  potentials"  is  not  of  great  im¬ 
portance  for  the  development  of  electrochemistry.  On  the  contrary,  we 
often  have  to  deal  with  that  part  of  the  potential  difference  which 
lies  in  the  ionic  double  layer  and  whose  magnitude  is  determined  by  the 
position  of  the  zero  charge  point  of  the  metal. 

§7.  ADSORPTION  OF  IONS  AND  MOLECULES 

At  the  metal/solution  interface,  as  at  any  other  interface,  vari¬ 
ous  adsorption  phenomena  take  place  in  addition  to  those  which  are  di¬ 
rectly  connected  with  the  migration  of  Ions  from  one  phase  into  the 
other  and  the  charge  of  the  surface.  In  order  to  distinguish  them  from 
adsorption,  which  can  be  determined  from  the  electric  forces  on  the  b 
sis  of  the  equations  (5)  and  (5a),  these  phenomena  are  often  termed 


specific.  The  existence  of  specific  adsorption  phenomena  indicates  that 
even  in  absence  of  an  electric  field  there  is  a  certain  work  of  adsorp¬ 
tion,  which  is  gained  during  the  transfer  of  a  mole  of  substance  from 
the  interior  of  the  solution  to  the  interface.  For  the  case  of  the  ad¬ 
sorption  of  ions  the  positive  work  of  adsorption  at  an  uncharged  sur¬ 
face  is  equal  to  the  values  which  we  have  designated  in  §3  by  $  and  «_ 
with  opposite  sign.  As  has  been  indicated  during  the  description  of  the 
theory  of  the  double  layer,  the  presence  of  an  electric  field  modifies 
the  magnitude  of  this  work  so  that  the  specific  and  electrical  adsorp¬ 
tion  phenomena  are  generally  closely  interrelated. 

Our  knowledge  concerning  the  specific  adsorption  of  ions  and  mole¬ 
cules  at  the  metal/solut ion  interface  is  primarily  based  on  the  data 
obtained  in  the  study  of  the  electrocapillarity  phenomena  on  mercury 
and  amalgams  in  solutions  of  different  composition.  A  comparison  of  the 
specific  adsorption  on  the  uncharged  mercury/solution  interface  with 
adsorption  phenomena  on  other  interfaces,  for  example,  at  the  interface 
solutlon/alr ,  shows  that  in  spite  of  several  characteristic  features, 
connected  with  tne  presence  of  a  metallic  phase,  these  adsorption  phe¬ 
nomena  obey  the  same  laws  in  many  respects.  Hence  the  experimental  ma¬ 
terial  relating  to  adsorption  at  the  solution/gas  interface  [29]  can 
also  be  used  for  the  interpretation  of  the  specific  adsorption  phenom¬ 
ena  . 

At  the  mercury/solution  interface,  as  Gouy  [30]  showed,  the  spe¬ 
cific  adsorption  of  anions  is  particularly  clearly  manifested.  The  an¬ 
ions  Br~,  SNS- ,  I-  and  SH~  lower  the  interfacial  tension  at  an  un¬ 
charged  (or  positively  charged)  mercury  surface  considerably  and,  con¬ 
sequently,  according  to  Eq .  (32)  are  strongly  adsorbed  on  it  (Fig.  19). 
In  contrast  to  these  ions,  the  anions  CO^  — ,  SO^  ,  HPO^  — ,  OH  and 
others  do  not  lower  the  interfacial  tension  at  the  uncharged  mercury/ 


solution  interface,  but  in  sufficiently  concentrated  solutions  even 
slightly  increase  it,  which  indicates  their  negative  adsorption.  The 
first  group  of  anions  is  usually  termed  surface-active,  the  second 
one,  surface-inactive. 
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Fig.  19.  Effect  of  the  adsorp¬ 
tion  of  the  ions  Cl  ,  Br  ,  I 
and  SH  on  the  shape  of  the 
electrocapillarity  curve.  A) 
Dyne/cm;  B)  volts  (n.v.e.). 
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Fig.  20.  Structure  of 
the  double  layer  in  a 
solution  of  Na2S0|1 

(a)  and  KI  (b)  at  the 
potential  of  the  max¬ 
imum  of  the  electro¬ 
capillarity  curve  in 
a  solution  of  KI.  A) 
Metal . 


The  lowering  of  the  maximum  of  the  elec¬ 
trocapillarity  curve  upon  adsorption  of  an¬ 
ions,  as  can  be  seen  in  Fig.  19,  corresponds 
to  a  displacement  of  it  to  more  negative  po¬ 
tentials. 

Let  us  compare  the  state  of  the  metal/ 
solution  Interface  in  Na?S0^  and  KI  solutions 
at  the  same  potential  cp  =  (<Pn)KI  corresponding 
to  the  maximum  of  the  electrocapillarity  curve 
in  KI  solution  (Fig.  20a  and  20b).  In  the  case 
of  the  solution  of  the  inactive  electrolyte 


Na2SO^  the  metal  surface  at  this  potential 
does  carry  a  negative  charge  (Fig.  20a).  In  the  KI  solution  at  the  same 
potential  c  ■  0  is  valid,  and  the  presence  of  a  negative  potential  dif- 
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ference  between  men'll  and  solution  is  determined  by  the  presence  of  a 
layer  of  adsorbed  anions  at  the  metal  surface  which  attracts  the  cat¬ 
ions  electrostatically  (Pig.  20b).  As  follows  from  Eqs.  (4)  or  (12),  at 
e  *  0  “  ^i»  *•*•»  the  total  potential  variation  in  the  double  layer 

is  localized  at  distances  from  the  metal  surface  which  exceed  the  ef¬ 
fective  radius  of  the  first  ion  layer.  Let  us  point  out  that  in  the 
case  of  a  strong  specific  adsorption  the  magnitude  of  ^  may  be  consid¬ 
erable  without  the  double  layer  having  to  extend  far  into  the  solution 
and  does  not  decrease  but  increases  with  increasing  concentration  of 
the  solution.  The  relation  between  the  position  of  the  maximum  of  the 
electrocapillarity  curve  in  the  solution  of  a  surface-active  electro¬ 
lyte  and  the  magnitude  of  ^  is  illustrated  in  Fig.  21. 


Fig.  21.  Relation  between  the  potential  of  the  maximum  of  the  electro¬ 
capillarity  curve  in  an  inactive  (a  =  Na2S0^)  and  in  an  active  ( b  *  KI) 

electrolyte  and  the  magnitude  of  the  ^  potential  in  the  latter. 

Let  us  dwell  a  little  longer  on  the  state  of  the  metal  surface  in 
NapSOjj  and  KI  solutions  in  the  potential  range  between  the  values  * 

=  (9n)Na2so^  and  ^  *  (^n^KI *  In  this  ran®e  21)  the  potential  dif¬ 

ference  between  a  point  on  the  mercury  surface  and  a  point  on  the  in¬ 
terior  of  the  solution  is  negative  in  both  cases  but  the  sign  of  the 
quantity  e  is  different:  in  the  Na2SO^  solution  c  <  0,  and  in  the  KI 
solution  r.  >  0.  The  existence  of  a  negative  potential  difference  be¬ 
tween  the  surface  and  the  interior  of  the  solution  with  a  positive  sign 
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Fig.  22.  Potential  distribution  at  the  meta  /solution  interface  in 
presence  of  specific  adsorption  of  anions  (t..ick  curves)  and  in  the  ab¬ 
sence  of  such  adsorption  (dashed  lines);  a)  one  potential  difference 
<Pa  is  negative;  b)  the  potential  differei.ee  <pq  is  positive. 

of  the  charge  is  possible  only  if  the  ^  potential  varies  within  the 
double  layer  with  the  distance  x  in  such  a  way  as  indicated  by  the 
thick  line  in  Fig.  22a.  Going  froin  the  interface  to  the  plane  in  which 
the  centers  of  the  adsorbed  ions  are  situated,  the  potential  drops; 
with  further  increase  in  the  distance  x,  i.e.,  in  the  region  which  con¬ 
tains  excess  cations,  it  Increases  again.  In  this  case  it  would  have 
been  more  correct  to  speak  of  a  triple  and  not  a  double  electrical  lay¬ 
er. 

At  potentials  which  are  more  positive  than  the  zero  charge  poten¬ 
tial,  the  quantity  in  a  solution  of  an  inactive  electrolyte  is  pos¬ 
itive.  However,  in  presence  of  considerable  specific  adsorption  the 
charge  of  the  anions  close  to  the  Interface  exceeds  in  absolute  magni¬ 
tude  the  surface  charge  of  the  metal,  in  consequence  of  which,  in  ac¬ 
cordance  with  Eq.  (3*0 »  the  quantity  should  be  positive.  Thus,  in 
presence  of  specific  adsorption  of  anions  the  adsorption  of  cations  Is 
positive  not  only  with  a  negative  but  also  a  positive  surface  charge. 
Because  the  cations  in  this  case  form  the  diffuse  part  of  the  double 
layer,  the  potential  should  increase  with  increase  in  x  beyond  the 
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limits  of  the  plane  in  which  the  centers  of  the  anions  are  situated,  as 
in  Fig.  22a.  On  the  whole  the  potential  distribution  in  this  case  cor¬ 
responds  to  the  thick  line  in  Fig.  22b.  As  this  graph  shows,  in  spite 
of  the  positive  value  of  e,  the  quantity  <J^  in  this  case  is  negative. 
This  phenomenon  is  normally  termed  surface  charge  reversal. 

The  magnitude  of  the  anion  adsorption,  as  follows,  in  particular, 
from  Fig.  19,  depends  on  the  surface  charge.  At  fairly  high  negative 
charges  the  electrostatic  repulsion  predominates  over  the  specific  ad¬ 
sorption  forces,  and  the  adsorption  of  anions  ceases  (the  electrocap¬ 
illarity  curves  flow  together);  in  presence  of  a  positive  surface 
charge  the  action  of  the  electrostatic  and  specific  adsorption  forces 
is  additive  and  a  strong  adsorption  effect  is  observed. 

We  have  given  here  in  an  elementary  form  a  picture  of  the  phenom¬ 
ena,  which  occur  in  the  adsorption  of  anions,  based  directly  on  experi¬ 
mental  data.  These  conclusions  can  be  refined  on  the  basis  of  the  doub¬ 
le  layer  theory.  To  obtain  correct  results,  however,  it  is  necessary  to 
take  into  account  not  merely  the  existence  of  the  specific  work  of  ad¬ 
sorption  of  the  anions  but  also  the  difference  in  the  distances  of  the 
"closest  approach"  of  the  cation  and  anion  to  the  electrode  surface. 

The  problem  of  the  dependence  of  the  numerical  value  of  <1^  on  electro¬ 
lyte  concentration  has  been  examined  in  the  works  of  O.A.  Yesin  [31], 
B.V.  Ershler  [6]  and  others. 

The  adsorption  of  anions  is  a  widespread  phenomenon,  which  is  fre¬ 
quently  encountered  in  the  consideration  of  the  mechanism  of  electrode 
processes.  It  is  observed  at  the  metal/solution  interface  in  the  case 
of  many  metals,  although  possibly  it  is  not  always  so  clearly  apparent 
as  in  the  case  of  mercury.  There  exists  a  certain  analogy  between  the 
specific  adsorption  of  anions  at  the  metal/solution  interface  and  the 
formation  of  complexes  of  the  type  Hgl^  ~  or  PtClg  in  which  the  metal 


cation  Is  surrounded  by  anions. 

In  contrast  to  the  Inorganic  Ions,  the  inorganic  cations,  as  a 
rule,  do  not  show  a  marked  specific  adsorption  on  the  uncharged  mercu¬ 
ry/solution  interface  (the  thallium  ion  Tl+  forms  an  exception).  More 
accurately,  for  the  univalent  cations  there  is  even  a  certain  negative 
work  of  adsorption,  which  can  be  detected  by  means  of  electrocapillari¬ 
ty  measurements  in  concentrated  solutions  [32].  However,  the  measure¬ 
ment  of  the  capacitance  of  the  double  layer,  which  is  a  more  sensitive 
test  method  than  the  measurement  of  interfacial  tension,  shows  that 
polyvalent  cations  such  as  La+++,  Th++++,  etc.,  are  adsorbed  on  mercury 
in  presence  of  a  weak  negative  surface  charge  in  quantities  which  rep¬ 
resent  an  excess  relative  to  the  surface  charge.  In  other  words,  like 
the  surface-active  anions,  the  polyvalent  cations  cause  a  charge  rever¬ 
sal  of  the  surface  but  with  opposite  sign  of  the  effect  [10],  Many  or¬ 
ganic  cations,  such  as,  for  example,  tetrasubstituted  ammonium  deriv¬ 
atives  (Fig.  23)  show  a  marked  specific  adsorption  on  the  metal/solu¬ 
tion  interface.  One  can  easily  imagine  that  e  s  0  ^  >  0  so  that  the 
specific  adsorption  should  result  in  a  shift  of  zero  charge  potential 
to  more  positive  values  of  «p,  as  is  actually  observed  in  the  experi¬ 
ment  . 

Numerous  organic  compounds  are  also  adsorbed  at  the  metal/solution 
interface  with  formation  of  monomolecular*  orientated  layers. 

Figure  21*  shows  as  a  typical  example  the  electrocapillarity  curves 
of  normal  NaCl  solutions  containing  tertiary  amyl  alcohol  in  different 
concentrations  (in  the  measurement  of  the  electrocapillarity  curves  of 
solutions  of  organic  nonelectrolytes  a  surface-inactive  electrolyte  is 
always  added  to  the  latter  which  makes  the  solution  sufficiently  con¬ 
ductive)  . 

As  in  the  case  of  adsorption  on  the  free  surface  of  solutions,  the 
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adsorption  at  the  metal/solution  interface  increases  with  increase  in 
the  length  of  the  hydrocarbon  chain.  Many  active-surface  substances 


Fig.  23.  Electrocapillarity  curves  of  1  N  Na2S011  (1)  and  1  N  Na2S0^ 

with  addition  of  tetrabutyl  ammonium  sulfate  (2).  A)  Dyne/cm;  B)  volt 
(n. v.e. ) . 

such  as,  for  instance,  the  aliphatic  alcohols,  behave  similarly  on  all 
Interfaces,  i.e.,  their  adsorption  is  about  the  same  in  both  cases. 

In  some  respects,  however,  the  adsorption  at  the  metal  surface 
has  certain  typical  features  compared  with  the  adsorption  at  the  solu¬ 
tion/gas  interface.  Thus,  the  introduction  of  several  hydroxyl  and  oth¬ 
er  oxygen-containing  groups,  although  it  reduces  the  adsorption  at  the 
metal  interface,  It  does  so  to  a  much  lesser  extent  than  in  adsorption 
at  the  gas  Interface  so  that  compounds  such  as  saccharose,  which  are 
entirely  inactive  in  the  last-mentioned  case,  are  markedly  adsorbed  at 
the  mercury  surface.  A  characteristic  feature  of  the  adsorption  at  the 
metal  interface  is  also  the  large  adsorption  of  compounds  containing 
sulfur,  bromine,  iodine  atoms  and  also  many  aromatic  compounds. 

Figure  25  shows  the  electrocapillarity  curves  of  solutions  of 
thiourea  with  different  concentration  in  presence  of  1  N  H2SO^.  Thio¬ 
urea  is  an  example  of  a  substance  which  Is  strongly  adsorbed  on  metal 
surfaces  and  is  inactive  at  the  solution/gas  interface. 

A  study  of  the  electrocapillarity  curves  of  solutions,  containing 
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organic  substances,  leads  to  several  important  conclusions  regarding 
the  properties  of  the  adsorbed  layers  at  the  mercury/solution  inter¬ 
face.  Let  us  point  out  first  of  all  that  the  adsorption  of  organic 
molecules  usually  shifts  the  maximum  of  the  electrocapillarity  curve. 

In  the  case  of  the  adsorption  of  aliphatic  compounds  containing  oxygen 
or  nitrogen,  the  shift  takes  place  in  the  direction  of  more  positive 
potentials  (Fig.  24).  Compounds  containing  atoms  of  sulfur,  halogens, 
and  many  aromatic  derivatives  displace  the  maximum  in  the  direction  of 
more  negative  potentials  (Fig.  25)  like  the  surface-active  anions.  Be¬ 
cause  at  the  maximum  of  the  electrocapillarity  curve  e  =  0  and  an  ionic 


double  layer  at  the  interface  is  thus  absent,  the  shift  of  the  zero 
charge  potential  can  be  accounted  for  only  by  the  fact  that  the  ad¬ 
sorbed  molecules,  which  are  dipoles,  are  orientated  In  a  certain  way 
(Fig.  26).  In  presence  of  a  layer  of  orientated  dipoles  between  metal 
and  solution  there  should  be  a  potential  difference  whose  sign  coin 
cides  with  the  sign  of  the  charge  of  the  atoms  situated  close  to  the 


metal . * 


Fig.  24.  Electrocapillari¬ 
ty  curves  of  solutions  of 
1  N  NaCl  containing  terti¬ 
ary  amyl  alcohol.  Concen¬ 
tration  of  the  alcohol  in 
moles  per  liter:  1)  0.01; 
2)  0.05;  3)  0.1;  4)  0.2; 

5)  0.4.  Upper  curve:  1  N 
NaCl  without  addition.  A) 
dyne/cm;  B)  volt  (n.v.e.). 


Fig.  25.  Electrocapillarity 
curves  of  solutions  of  1  N 
^SOij  containing  thiourea. 
Concentration  of  the  thio¬ 
urea:  1)  0.008;  2)  0.016; 

3)  0.031;  4)  0.062;  5) 

0.125;  6)  0.25;  7)  0.5;  8) 

1  mole/liter.  Upper  curve: 

1  N  H2S0ij  without  addition. 

A)  Dyne/cm;  B)  volt  (n.v.e.). 
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Typical  for  the  adsorption  processes  at  the  metal/solut.ton  inter¬ 
face  is  the  marked  dependence  of  the  adsorption  on  the  potential.  The 
lowering  of  the  surface  tension  caused  by  the  adsorption  of  organic 
molecules  is  observed  only  within  a  certain  potential  range,  situated 
on  both  sides  of  the  zero  charge  potential  of  the  electrode  in  the  ini¬ 
tial  solution  of  the  inorganic  electrolyte  (Fig.  2*0.  With  sufficient 
distance  from  the  zero  point  on  either  side  the  lowering  of  the  surface 
tension  and,  consequently,  also  the  adsorption,  disappear.  Figure  27 
shows  the  adsorbed  quantity  r  of  normal  butyl  alcohol  as  a  function  of 
the  potential  <p  at  constant  concentrations  of  the  butyl  alcohol  C 33 H  • 
The  quantity  r  has  been  calculated  by  means  of  Eq.  (32)  from  the  sur¬ 
face  tension  values  measured  at  constant  potential  in  solutions  of  3  N 
KC1,  containing  different  concentrations  of  butyl  alcohol.  It  is  evi¬ 
dent  from  Fig.  27  that  the  quantity  r  attains  its  maximum  in  the  poten¬ 
tial  region  close  to  the  zero  charge  potential*  and  converges  to  zero 


in  presence  of  large  surface  charges. 


Fig.  26.  Scheme 
of  the  arrange¬ 
ment  of  the  ad¬ 
sorbed  dipole 
molecules.  A) 
Metal . 


Fig.  27.  Adsorbed  quantity 
r  of  butyl  alcohol  as  a 
function  of  the  potential 
<P  of  the  mercury  electrode. 
Composition  of  the  solu¬ 
tions:  3  N  KC1  +  n-butyl 
alcohol  (the  concentration 
of  the  latter  is  indicated 
in  the  diagram).  A)  Mole/ 
cm*5;  B)  volt  (n.v.e.). 
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This  dependence  of  the  adsorption  of  uncharged  molecules  on  poten 
tial  appears  surprising  at  first  glance.  It  can  be  explained,  however, 
if  attention  is  given  to  whe  variation  of  the  capacitance  of  the  doubL 
layer  caused  by  the  adsorption  of  the  organic  molecules  [ 3 ^ ] •  Indeed, 
calculation  of  the  capacitance  by  means  of  Eq.  (25)  shows  that  at  po¬ 
tential  values  at  which  adsorption  of  organic  substances  occurs,  the 
capacitance  is  considerably  lower  as  follows  directly  from  the  very 
flat  shape  of  the  electrocapillarity  curve  in  presence  of  organic  sub¬ 
stances.  The  capacitance  of  the  electrode  in  presence  of  adsorbed  sub¬ 
stance  can  also  be  measured  directly  (see  §*0. 

Figure  28  gives  the  differential  capacitance  as  a  function  of  po¬ 
tential  for  an  Na2S01J  solution  containing  octyl  alcohol  and  for  compar¬ 
ison  purposes  the  same  dependence  for  Na2SO^  solution  in  the  absence  of 
the  alcohol  [35].  It  can  be  seen  that  in  the  middle  part  of  the  curve, 
which  corresponds  to  the  region  of  adsorption  of  the  alcohol,  the  ca¬ 
pacitance  is  greatly  reduced  compared  with  the  values  in  the  initial 
solution.  The  differential  capacitance  curve  in  Fig.  28  has  two  sharp 
maxima  at  the  ends  of  the  adsorption  range  which  will  be  discussed  fur¬ 
ther  on. 

The  lowering  of  the  capacitance  caused  by  the  adsorption  of  organ¬ 
ic  molecules  indicates  that  these  molecules  are  introduced  between  the 
metal  surface  and  the  ions  of  the  double  layer.  Between  the  plates  of 
the  double  layer  appears  a  layer  of  organic  substance  with  a  lower  di¬ 
electric  constant  compared  with  water  thus  lowering  the  capacitance.  At 
the  same  time  the  distance  between  the  centers  of  the  ions  of  the  first 
layer  and  the  metal  surface  is  probably  also  reduced. 

If  one  introduces  into  the  space  between  the  plates  of  a  charged 
capacitor  a  body  whose  dielectric  constant  is  less  than  the  dielectric 
constant  of  the  uniform  medium,  which  fills  this  space,  then,  as  we 
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Fig.  ?8.  Effect  of  surface-active  substances  on  the  differential  capac¬ 
itance  C  of  the  mercury  electrode:  a)  1  N  Na2S0^ ;  b)  the  same  solution 

with  addition  of  octyl  alcohol.  A)  Volt  (n.v.e.). 

i 

know  from  electrostatics,  the  electric  field  of  the  capacitor  opposes 
this  introduction.  In  the  same  way  the  electric  field  of  the  ionic 
double  layer  opposes  the  appearance  of  organic  molecules,  which  lower 
the  capacitance  of  the  double  layer,  at  the  metal  surface,  and  if  the 
charge  density  is  sufficiently  high,  the  adsorption  process  is  com¬ 
pletely  arrested. 

This  phenomenon  is  also  reminiscent  in  many  respects  of  the  salt- 
ing-out  of  organic  substances  from  aqueous  solutions  when  large  quanti¬ 
ties  of  electrolytes  are  added  to  them.  To  the  lowering  of  the  solubil¬ 
ity  of  a  substance  with  a  lower  dielectric  constant,  caused  by  the 
electric  fields  of  ions,  corresponds  the  lowering  of  the  adsorption  in 
the  case  which  interests  us  here. 
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A  quantitative  treatment  of  this  phenomenon  car  e  given  easily  ot 
the  basis  of  Eq.  (32)  [34]. 

Let  us  assume  that  the  variables  in  our  system  are  the  potencial 
difference  qp  and  the  concentration  a  of  the  adsorbed  substance.  Then 
Eq.  (32)  is  reduced  to  the  following  form: 

(37) 

Because  the  right  part  of  the  equation  is  a  total  differential, 

(l k),“OT'(S).-  (38) 

Taking  into  account  that 


GrhX-Clr)*  (Jwh), 

and 


we  find  from  Eq.  (38) 


(U(*-n,--ao, 


(39) 


Equation  (39)  enables  us  to  determine,  if  we  make  the  simplest  as¬ 
sumptions  concerning  the  dependence  of  the  charge  on  the  adsorbed  quan¬ 
tity  r,  how  the  concentration  c  corresponding  to  the  constant  adsorbed 
quantity  r,  varies  with  variation  of  qp,  i.e.,  how  the  adsorption  of  the 
substance  varies  with  potential.  In  this  manner  we  can  derive  the  fol¬ 
lowing  relation: 


In  “  [  -y  Cf*  ~~  y  C'f.  (fa  —  2f,)  J  ( 4  0 ) 

The  quantities  cQ  and  <?qpQ  here  indicate  the  concentrations  corre¬ 
sponding  to  the  same  adsorption  at  the  zero  charge  potential  and  at  a 
potential  which  differs  from  the  latter  by  the  amount  C  is  the  ca¬ 

pacitance  of  the  double  layer  in  the  original  electrolyte  solution 
which  is  considered  constant,  C'  is  the  capacitance  of  the  double  layer1 
when  the  surface  is  filled  with  adsorbed  molecules,  qp^  the  shift  of 
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the  zero  potential  when  the  surface  is  filled,  and  S  is  the  area  cov¬ 
ered  by  one  mole  of  adsorbed  substance  under  conditions  of  complete 
coverage. 

By  means  of  Eq.  (40)  it  is  possible  to  determine  with  satisfactory 
agreement  with  experiment  the  shape  of  the  electrocapillarity  curves 
obtained  with  solutions  containing  adsorbed  substances.  Because  accord¬ 
ing  to  the  above,  C  >  C",  the  sign  of  the  right  part  of  Eq .  (40)  is  al¬ 
ways  positive  at  sufficiently  large  values  of  |  <pQ  |  ;  in  other  words  at 
sufficiently  great  distance  from  the  zero  point  the  concentration  of 
the  adsorbed  substance  corresponding  to  a  certain  adsorption  value,  in¬ 
creases  with  further  increase  in  this  distance.  It  follows  from  this 
that  at  constant  concentration  the  adsorption  decreases  with  increase 
in  | 9^ |  as  is  actually  observed  in  the  experiment.* 

A  more  detailed  analysis  of  these  relations  leads  to  the  conclu¬ 
sion  that  the  variation  of  the  adsorbed  quantity  with  potential  at  the 
limits  of  the  adsorption  range  should  be  very  marked  as  is  evident  from 
Pig.  27.  Such  a  variation  of  adsorption  with  potential  should  lead  to 
the  appearance  of  maxima  on  the  curve  representing  the  differential  ca¬ 
pacitance  as  a  function  of  potential.  In  fact  we  designate  the  propor¬ 
tion  of  the  surface  occupied  by  the  organic  molecules  by  e  (e  =  r*S). 
and  we  assume  for  the  sake  of  simplicity  that  the  adsorption  of  the  or¬ 
ganic  molecules  does  not  shift  the  zero  point.  The  surface  charge  can 
be  approximately  expressed  as  the  sum  of  the  charges  of  the  part  of  the 
surface  1  -  e,  which  is  free  of  adsorbed  molecules  and  the  part  6  of 
the  surface  occupied  by  them: 

,»Cf4.(l-»)  +  C>.0.  (41) 

From  Eq.  (41)  we  obtain  for  the  differential  capacitance  the  ex¬ 
pression 
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C<  =  *=C(l-0)  +  C’0-£(C-£')?..  (1,2) 

The  first  two  terms  of  the  right  part  of  Eq.  (*J2)  give  the  capaci 
tance  values  situated  between  the  capacitances  at  0  =  0  and  0=3, 
i.e.,  C  and  C'.  The  third  term  connects  the  differential  capacitance 
with  the  dependence  of  the  adsorption  r  on  the  potential.  It  is  easily 
seen  that  it  always  has  a  positive  value  at  the  limits  of  the  adsorp¬ 
tion  range.  Indeed,  let  us  consider,  for  example,  the  left  limit  of  the 
adsorption  range  in  Fig.  27.  In  this  case  6  increases  with  decreasing 
<Pa  so  that  — ( 3  9/3  <p)  >  0;  further,  =  cp  -  <p^  >  o  and,  consequently, 

-£<c-c')*.>o. 

At  the  limits  of  the  adsorption  range,  owing  to  the  marked  varia¬ 
tion  of  the  adsorption  with  the  potential,  the  absolute  value  of  96/8? 
increases  rapidly  in  consequence  of  which  sharp  maxima  appear  on  the 
curve  giving  3e/3<P  as  a  function  of  cp. 

Whilst  the  measurement  of  the  electrocapillarity  curves  is  possi¬ 
ble  only  in  the  case  of  liquid  metals,  the  method  of  capacitance  meas¬ 
urement  has  a  larger  field  of  application.  Measurements  of  the  differ¬ 
ential  capacitance  C  of  different  solid  metals,  for  example  lead,  cad¬ 
mium  and  tin  in  solutions,  containing  adsorbed  impurities,  have  shown 
that  in  these  cases  adsorption  takes  place  only  within  a  certain  poten¬ 
tial  interval  near  the  zero  point  of  the  given  metal  [36].  Within  this 
interval  the  differential  capacitance  values  are  low  and  pass  through 
their  maxima  at  the  limit  of  this  range. 

§8.  ADSORPTION  OF  HYDROGEN  ATOMS 

In  addition  to  the  adsorption  of  ions  and  molecules,  the  electro¬ 
chemical  properties  of  metal  surfaces  are  strongly  affected  by  the  ad¬ 
sorption  of  hydrogen  and  oxygen  atoms  and  in  some  cases  of  other  ele- 


ments  as  well. 

As  we  know,  many  metals,  particularly  the  platinum  group  metals, 
and  under  certain  conditions  also  nickel,  possess  the  capacity  for  ad¬ 
sorbing  hydrogen  to  a  high  degree.  The  physical  adsorption  of  hydrogen 
(i.e.,  adsorption  by  virtue  of  intermolecular  forces)  at  normal  temper¬ 
atures  is  vanishingly  small.  Chemically  the  hydrogen  molecule  is  com¬ 
pletely  saturated  an^  "'"’-’ked  adsorptic~  hydrogen  thus  indlv^lws  a 
decomposition  of  the  hydrogen  molecule  during  the  adsorption  process 
into  chemically  unsaturated  free  atoms.  The  existence  of  such  a  decom¬ 
position  also  follows  from  the  parallelism  existing  between  the  phenom¬ 
ena  of  hydrogen  adsorption  and  its  solution  in  metals.  As  follows  from 
experiment,  the  quantity  of  hydrogen  in  the  metal  at  low  hydrogen  con¬ 
centrations  in  the  solution  is  proportional  to  square  root  of  its  con¬ 
centration  in  the  gas  phase.  It  follows  from  this  that  hydrogen  is  dis¬ 
solved  in  a  metal  not  in  the  form  of  molecules  but  in  the  form  of  at¬ 
oms.  This  inference  can  also  be  applied  to  the  case  of  hydrogen  adsorp¬ 
tion. 

Because  the  heat  of  dissociation  of  the  hydrogen  molecule  is  102 
kcal  per  mole,  a  positive  heat  of  adsorption  of  hydrogen  is  possible 
only  if  the  heat  of  adsorption  of  atomic  hydrogen  on  the  metal  exceeds 
half  this  value,  i.e.,  51  kcal  per  gram-atom.  Thus  a  marked  adsorption 
of  hydrogen  can  be  observed  only  on  metals  which  have  a  strong  affinity 
for  the  hydrogen  atom. 

The  ability  of  metals  to  adsorb  hydrogen  is  retained  in  the  pres¬ 
ence  of  electrolyte  solutions.  In  this  case,  as  the  work  of  A.N.  Frum- 
kin,  A. I.  Shlygin  and  B.V.  Ershler  showed,  the  method  of  charging 
curves  can  be  used  with  success  for  the  investigation  of  the  properties 
of  hydrogen  adsorbed  on  the  surface  of  a  metal  electrode  [8,  1*J,  15]. 

According  to  §4,  it  is  essential  for  the  use  of  this  method  to  ex- 
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elude  the  possibility  of  electrochemical  reactions  with  substances 
contained  in  the  volume  of  the  solution.  If  a  positive  charge  Is  sup¬ 
plied  to  a  platinum  electrode  which  is  in  equilibrium  with  a  solution 
saturated  with  hydrogen  under  atmospheric  pressure,  the  dissolved  me 
lecular  hydrogen  is  ionized,  and  a  current  passes  through  the  elec¬ 
trode.  Under  these  conditions  it  is  impossible  to  record  the  charging 
curve.  However,  it  is  not  difficult  to  create  conditions  under  which 
the  quantity  of  dissolved  hydrogen  is  small  compared  with  the  quant  1 
of  adsorbed  hydrogen.  In  addition  to  an  Increase  in  the  electrode  sur 
face  and  a  decrease  in  the  volume  of  the  solution  (see  §*0  this  can  U 
achieved  by  lowering  the  concentration  of  the  hydrogen  dissolved  in  it 
electrolyte.  As  will  be  shown  further  on,  the  quantity  of  hydrogen  ad¬ 
sorbed  at  the  electrode  decreases  when  its  concentration  in  the  volume 
is  reduced  much  more  slowly  than  the  quantity  of  hydrogen  in  the  solu¬ 
tion  with  which  the  electrode  is  in  equilibrium.  Hence  prior  to  record¬ 
ing  the  charging  curve  it  is  preferable  to  eliminate  a  large  part  of 
the  hydrogen  dissolved  in  the  electrolyte,  for  example,  by  passing  ni¬ 
trogen  through  it.  This  removes  only  a  small  proportion  of  the  adsorbed 
hydrogen  from  the  electrode.  By  imparting  then  increasing  quantities  Q 
of  electricity  to  the  electrode,  we  obtain  the  charging  curve  of  the 
platinum  electrode  without  distortion  by  any  collateral  processes.  Such 
a  curve  is  shown  in  Fig.  29. 

The  slope  of  the  charging  curve  obviously  gives  the  value  3cp/9 Q 
equal  to  1/SC where  S  is  the  electrode  surface  area,  and  C ^  its  dif¬ 
ferential  capacitance.  In  the  case  of  smooth  platinum  the  true  surface 
exceeds  the  visible  surface  only  slightly,  and  the  capacitance  per  unit 
of  surface  can  thus  be  estimated  from  the  charging  curve. 

As  Fig.  29  shows,  the  capacitance  of  a  platinum  electrode  is  quit* 
different  at  different  potentials.  The  charging  curve  consists  of  thr-< 


clearly  delimited  sections  a,  b,  and  a. 

The  capacitance  of  the  platinum  electrode 

in  the  middle  section  of  the  curve  is  20- 
2 

50  v F/cm  ,  i.e.,  it  is  similar  to  the  ca¬ 
pacitance  of  the  mercury  electrode.  In 

the  section  a  the  electrode  has  a  much 

? 

greater  capacity,  up  to  2000  wF/cm  .  Be¬ 
cause  in  the  measurement  of  the  potential 
as  a  function  of  the  transmitted  quantity 
of  electricity  we  start  out  with  a  state 
of  the  electrode  in  which  adsorbed  hydro¬ 
gen  is  present  on  its  surface  it  is  logical  to  connect  the  observed  ca¬ 
pacitance  increase  with  the  removal  of  adsorbed  hydrogen  from  the  plat¬ 
inum  surface.  Indeed,  if  in  the  initial  point  of  the  charging  curve  the 
quantity  of  hydrogen  adsorbed  on  the  unit  surface,  were  equal  to  A Qi 
(AQ.  —  A ) SF  coulombs,  which  are  used  for  the  transformation  of  the  ad¬ 
sorbed  hydrogen  into  ions  which  pass  into  the  solution,  in  accordance 
with  the  reaction 

H110— 

would  have  to  be  imparted  to  the  electrode,  to  achieve  a  state  in  which 
the  adsorbed  quantity  is  equal  to  A. 

This  quantity  of  electricity  is  added  to  that  used  for  the  charg¬ 
ing  of  the  double  layer  and  which  is  evidently  (c  —  Eq)S,  where  the 
charge  densities  and  e  refer  to  the  initial  and  final  state  of  the 
electrode.  Thus,  between  the  quantity  Q  of  electricity,  supplied  to  the 
electrode,  the  variation  of  the  adsorbed  quantity  of  hydrogen  and  the 

surface  charge  there  should  exist  the  relation 

Q  ==  (i4*  —  A)  SF  +  (•  —  ••)  S  (i]3) 

or,  in  the  differentiated  form 


Fig.  29-  Charging  curve  of 
the  platinum  electrode  in 
1  N  HC1.  A)  Volt  (n. v.e. ) ; 
B)  millicoulombs. 


AQ  =  —  A^  •  SF -f  At  •  S.  ( /|  3a ) 

Because  in  the  section  b  of  the  charging  curve  the  capacitance 


the  electrode,  as  we  have  pointed  out  earlier,  has  a  value  close  to 
normal  capacitance  of  the  double  layer,  the  adsorption  of  hydrogen 
this  region  is  obviously  slight  and  the  first  term  of  the  right  jar' 

Eq.  (^3a)  does  not  greatly  affect  the  magnitude  of  A Q  (double  layer-  re¬ 
gion  of  the  charging  curve*). 

The  situation  is  different  is  the  section  a  of  the  charging  em¬ 
it  follows  from  the  very  high  capacitance  that  in  this  case  -  A A-  F  i 
large  compared  with  Ac.  By  way  of  a  first  approximation  it  can  also  u 
assumed  that  practically  all  the  electricity  supplied  to  the  electr  i 
is  consumed  in  the  removal  of  the  adsorbed  hydrogen  and  thus  it  is  pos¬ 
sible  to  determine  the  quantity  AQ  —  A  from  Q. 

Because  the  value  of  A  vanishes  or  becomes  very  small  at  the  end 
of  the  section  a,  the  value  of  A  can  also  be  determined  for  any  point 
of  this  section  of  the  charging  curve.  This  determination  can  be  made 
more  accurate  by  estimating  the  magnitude  of  t  -  cQ  by  means  of  the 
slope  of  the  charging  curve  in  the  double  layer  region  or  by  determin¬ 
ing  it  in  some  other  way  (for  example,  from  the  dependence  of  the  ad¬ 
sorption  of  the  ions  involved  in  the  formation  of  the  outer  plate  of 
the  double  layer  on  the  potential,  as  has  been  explained  in  §!»)• 

The  process  of  removal  of  the  adsorbed  hydrogen  is  reversible.  In¬ 
deed,  If  at  any  point  of  the  section  a  or  b  of  the  charging  curve  (Fig. 
29)  the  direction  of  the  current  is  reversed,  the  charging  curve  can  be 
traced  in  the  opposite  direction.  Experiment  shows  that  the  "cathode" 
charging  curve  obtained  under  these  conditions  coincides  almost  com¬ 
pletely  with  the  "anode"  curve  during  the  recording  of  which  the  poten¬ 
tials  changed  from  more  negative  to  more  positive.  It  follows  from  the 
reverse  charging  curve  that  the  states  during  which  the  electrode  j  a: 
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es  during  the  recording  of  the  charging  curve  may,  with  a  sufficient 
degree  of  approximation,  be  considered  as  equilibrium  states.  In  this 
way  one  can  establish  the  equilibrium  relationship  between  the  elec¬ 
trode  potential  qp  and  the  quantity  A  of  adsorbed  hydrogen. 

It  follows  from  the  approximate  linearity  of  the  charging  curve 
that  this  relationship  is  also  linear: 

A**p  —  qy,  (M) 

where  p  and  q  are  constants  (A  decreases  with  increasing  q>). 

The  adsorption  isotherm  of  hydrogen  on  the  electrode  surface  is 

readily  obtained  from  Eq.  (M).  Indeed,  the  value  of  qp  can  be  expressed 

by  the  Nernst  formula  via  the  partial  pressure  pM  of  the  molecular  hy- 

“2 

drogen,  which  is  in  equilibrium  with  the  electrode: 

or 

— §7-  InPn, 

where  qp^  is  the  value  of  qp  in  the  given  solution  at  p„  *  1  atm.  Sub- 

“2 

stituting  this  expression  for  q?  in  Eq.  (M),  we  obtain 

A  — a'  +ft'ln/J|i„  (4*Ja) 

where  a '  and  b'  are  constants.  Examination  of  the  charging  curve  shows 
that  the  logarithmic  relation  applies  over  a  wide  range  of  variation  of 


The  existence  of  such  a  relationship  calls  for  an  explanation. 
During  the  adsorption  of  a  diatomic  gas,  involving  dissociation  into 
atoms,  on  a  uniform  surface  in  the  absence  of  any  forces  of  interaction 
between  the  adsorbed  atoms  the  adsorption  isotherm  is  determined  by  the 
following  relation  (Langmuir  equation): 


A 


V  P\ 


Its 


1+“  V /»,, 


W) 


where  A  is  the  Unit  adsorption  with  complete  filling  of  the  surface, 
and  u  is  a  constant.  With  a  slight  degree  of  filling  this  relation  ex¬ 
presses  the  proportionality  between  A  and  the  square  root  of  pH  . 

n2 
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The  experimentally  observed  logarithmic  isotherm  differs  consider¬ 
ably  from  the  isotherm  derived  on  the  basis  of  the  aforementioned  sim¬ 
ple  assumptions;  it  gives  a  much  slower  increase  in  the  value  of  A  with 

p„  .  This  slow  increase  shows  that  the  differential  work  of  adsorption 
m2 

decreases  in  proportion  to  the  filling  of  the  surface.  The  variation  of 
the  work  of  adsorption  may  be  caused,  for  example,  by  nonuniformity  of 
the  surface.  On  a  nonuniform  surface  and  with  low  pressures  of  the  ad¬ 
sorbed  gas  the  more  active  sites  of  the  surface  are  filled,  and  at 
large  pressures  the  less  active  sites.  In  consequence  of  this  the  work 
of  adsorption  gradually  decreases  with  increase  in  the  degree  of  fill¬ 
ing. 

These  problems  have  been  examined  in  detail  by  the  Soviet  physical 
chemists  S.Z.  Roginskiy  [37]  and,  particularly  with  application  to 
electrochemistry,  by  M.I.  Temkin  [38].  Another  cause  of  the  decrease  in 
the  work  of  adsorption  may  be  the  existence  of  forces  of  repulsion  be¬ 
tween  the  adsorbed  atoms  [39].  Both  these  concepts  give  a  logarithmic 
adsorption  isotherm  under  certain  assumptions.  We  ought  to  mention  that 
an  analogous  logarithmic  relationship  between  the  quantity  of  adsorbed 
hydrogen  and  its  pressure  is  observed  in  the  dissolution  of  hydrogen  in 
certain  metals  which  dissolve  hydrogen  readily,  for  example,  in  palla¬ 
dium,  provided  that  the  concentration  of  the  dissolved  hydrogen  in  the 
metal  is  fairly  large  (the  so-called  B  phase  region  in  the  system  Pd- 
H).  This  leads  us  to  the  conclusion  that  the  process  of  hydrogen  ad¬ 
sorption  under  the  above-considered  conditions  can  be  regarded  as  a 
dissolution  of  hydrogen  limited  to  the  surface  layer  of  the  metal  [8], 
The  measurement  of  the  charging  curves  also  enables  some  other 
interesting  properties  of  adsorbed  hydrogen  to  be  observed,  in  partic¬ 
ular,  the  dependence  of  the  metal/hydrogen  bond  energy  on  the  nature  of 
the  electrolyte.  As  Fig.  30,  which  gives  the  charging  curves  of  a  plat- 
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Inized  platinum  electrode  in  solutions  of  KOH,  HC1  and  HBr.. 

shows  the  adsorbed  hydrogen  is  removed  from  the  surface  at  much  less 
positive  potentials  in  HBr  than,  for  example,  in  H^Ojj  and  particularly 
in  KOH.  A  more  detailed  examination  of  these  relationships  results  in 
the  conclusion  that  the  presence  of  anions  near  the  metal  surface  al¬ 
ways  causes  a  lowering  of  the  Pt-H  bond  energy,  and  the  presence  of 
cations  an  increase.  This  can  be  explained  by  assuming  that  the  metal 
and  hydrngpn  atoms  which  are  bound  together  form  dipoles  with  the  neg¬ 
ative  end  turned  outwards. 


Fig.  30-  Shape  of  the  charging  curve  as  a  function  of  electrolyte  com¬ 
position:  charging  curves  in  1  N  KOH,  1  N  HBr  and  1  N  H2SO^.  A)  Volt 
(n.v.e.)j  B)  coulomb/cm4-. 

By  the  method  of  charging  curves  it  is  possible  to  detect  the 
presence  of  layers  of  adsorbed  hydrogen  in  presence  of  electrolyte  so¬ 
lutions  on  metals  of  the  platinum  group  (platinum,  iridium,  rhodium) 
and  also  on  nickel  and  silver  in  alkaline  solutions. 

On  the  surface  of  mercury,  lead,  zinc,  thallium  and  cadmium  ad¬ 
sorbed  hydrogen  could  not  be  detected  by  these  and  other  analogous 
electrochemical  methods,  and  it  may  be  assumed  that  adsorption  of  hy- 
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drogen  in  presence  of  electrolyte  solutions  on  the  surface  of  these 
metals  does  not  take  place  in  measurable  quantities.  The  practically 
complete  absence  of  adsorbed  hydrogen  at  the  solution/mercury  interfac* 
has  been  particularly  carefully  confirmed. 

As  pointed  out  previously,  the  adsorption  of  hydrogen  involves  a 
decomposition  of  the  Hp  molecule  into  atoms.  However,  the  properties  of 
the  adsorbed  hydrogen,  owing  to  the  large  Me-H  bond  energy,  differ  con¬ 
siderably  from  the  properties  of  free  atomic  hydrogen.  This  becomes 
particularly  clear  if  the  concentration  of  free  atomic  hydrogen  in  the 
gas  phase  in  equilibrium  with  the  adsorbed  hydrogen  is  determined. 

Because  the  standard  free  energy  of  the  dissociation  reaction  of 
the  hydrogen  molecule,  which  can  be  determined  from  spectroscopic  data, 
amounts  to  96.7  kilogram  calories,  the  potential  of  the  hydrogen  elec¬ 
trode  in  equilibrium  not  with  molecular  hydrogen  but  with  atomic  hydro¬ 
gen  at  a  partial  pressure  of  the  latter  in  the  gas  phase  equal  to  at¬ 
mospheric,  should  be  -(96,700/2-23,060)  *  -2.096  v. 

The  partial  pressure  of  atomic  hydrogen  in  equilibrium  with  molec¬ 
ular  hydrogen  at  atmospheric  pressure,  and,  consequently,  also  with  the 
adsorbed  hydrogen  at  the  potential  of  the  standard  hydrogen  electrode, 
is  thus  10-2-l/0.058  .  10— 35.5  atm. 

This  pressure  and  the  concentration  corresponding  to  it  are  im¬ 
measurably  small,  while  the  concentration  of  the  adsorbed  hydrogen,  for 
example,  in  the  case  of  the  platinum  electrode  at  the  potential  of  the 
normal  hydrogen  electrode  is  quite  considerable  as  follows  from  the 
charging  curves. 

In  Chapter  3  we  shall  return  to  the  problem  of  the  dependence  of 
the  adsorption  energy  on  the  nature  of  the  metal. 


§9.  ADSOPPTION  OF  OXYGEN  AND  OXIDE  LAYERS 

As  will  be  shown  in  Chapter  7»  oxygen  atoms  on  the  surface  of  met¬ 
als  exert  a  particularly  strong  effect  on  th^  electrochemical  proper¬ 
ties  of  metals.  M.  Faraday  explained  the  transformation  of  metals  to 
the  passive  state  (in  which  the  ability  of  metals  to  send  their  own 
ions  into  solution  is  reduced  or  disappears  completely)  by  the  appear¬ 
ance  of  oxygen  on  their  surface.  The  investigations  of  Academician  V.A. 
Kistyakovskly  [^0]  dealing  with  oxide  layers  were  of  great  importance 
for  substantiating  this  oxygen  theory  of  passivation. 

As  in  the  case  of  hydrogen  adsorption,  the  method  of  charging 
curves  can  be  successfully  employed  for  the  study  of  the  properties  of 
adsorbed  oxygen  and  oxide  layers. 

It  is  evident  from  Figs.  29  and  30  that  during  anodic  polarization 
of  a  platinum  electrode  after  passing  the  section  of  the  charging  curve 
in  which  the  electrode  capacitance  is  lowered  to  values  corresponding 
o  the  capacitance  of  the  double  layer,  the  slope  of  the  charging  curve 
•gain  decreases,  i.e.,  the  capacitance  of  the  electrode  increases.  This 
capacitance  increase  is  connected  with  the  deposition  of  oxygen  atoms* 
on  the  surface,  which  arise  through  discharge  of  water  molecules  or  hy¬ 
droxyl  ions  according  to  the  reactions 

H.O  — >  0#nc  2H '  -p  2c, 

20H“  — >  0,bo  4-  HjO  -f  2c. 

In  the  case  of  the  platinum  electrode  in  solutions  of  H^SO^  and 
HC1  the  oxygen  and  hydrogen  sections  of  the  charging  cu~ve  are  rigidly 
separated  by  the  "double  layer"  region.  In  alkaline  solutions,  however, 
the  removal  of  hydrogen  is  much  more  difficult  so  that  at  the  poten¬ 
tials  at  which  the  deposition  of  oxygen  begLns,  not  all  the  hydrogen 
as  been  removed  from  the  surface  (Fig.  30);  the  hydrogen  and  oxygen 
regions  of  the  potentials  thus  fuse  continuously  into  each  other. 
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J  f  in  the  v  r>  i  at  'f  the  cl 
ir>  reversed,  the  cenf  lete  ■  ntnodlc  c»  a;  i  '.nr 
electrode  then  passe  through  the  oxyr  r,  1 
glone  In  the  reverse  sequence  compared  wi 4  1 
In  this  case,  however,  tic*  c*  a:  ;  •  • 

co’noide  but  form  a  hvo4erv.ls  Icop  . 


err  i  d  3  ! ret  '  <  1 
’  ‘an  L e  r  cordon;  i  1 
ur1*1  1  '*y  r  and  hydrogen  v< 
a r r' n  1  * h:-  }v  1  up  curve  . 

11  barging  curves  do  rot 


r  i  . 

i )  c 

;  i  ’V|  ps 

1  !  OPS 


"3.  Cathodi  ihuv'i.j  curves  of  l  .La1  iniced  platinum  in  1  N  : 

hodVc  [  >1  at  i /at  i  u  afto  oxidat  ion  in  moist  ox  gen  at  18°  for  2k 
;  2)  cat  •  1  a ri oar. i on  after  oxi  h  *  ion  under  the  same  condi- 

i  or  60  any.  .  A )  v’  It  n.v.e.);  “)  ecu'  ir ’  'cr-  . 


The  quantity  of  ox..  *en  present  on  t.ne  m  'uv  urface  at  the 
nitial  point  can  er.viously  be  aete  •:  if  i.  length  of  the  oxygen 

i  t  on  the  cat  hod  1  charging  c  .rv<  .  .  n  i  'c  brought  In 

t  ict  with  ox.,  }  '  r  to  tne  r  in.  f  the  •  nar  ing  curve,  then 

it  assumes  the  j  d  .nt  1  il  c  1  spondln-  1  t  iu  xy  ;en  part  ol‘  the  charg- 
it  s  cw‘ve  immed  i  at  .  y  when  is  immersed  Into  the  solution.  By  impart- 


72 


inp;  negative  charges  to  the  electrode  we  can  remove  the  oxygen  adsorbed 
on  the  surface  in  this  case  and  determine  it  quantitatively  (Fig.  31 
[58]).* 

The  anodic  charging  curve  of  a  platinum  electrode  in  the  oxygen 
range  has  the  same  straight  shape  as  in  the  hydrogen  region.  In  other 
respects,  however,  an  important  difference  is  seen  between  the  behavior 
of  adsorbed  hydrogen  and  oxygen.  Whilst  the  processes  of  decomposition 
and  removal  of  hydrogen  atoms,  as  shown  above,  are  reversible  (at  least 
if  they  are  not  carried  out  too  quickly),  the  analogous  processes  in 
the  case  of  the  deposition  and  removal  of  oxygen  are  clearly  not  re- 
versible,  and  the  states  through  which  the  electrode  passes  in  the  oxy¬ 
gen  part  of  the  charging  curve  cannot  be  considered  as  equilibrium 
states.  This  irreversibility  is  expressed,  in  particular,  in  a  differ¬ 
ent  shape  of  the  anodic  and  cationic  charging  curves  in  the  oxygen  re¬ 
gion.  On  the  cathode  curve,  as  is  evident  from  Fig.  31,  there  is  a 
characteristic  delay  in  the  oxygen  region  corresponding  to  the  removal 
of  a  large  part  of  the  adsorbed  oxygen  while  in  the  anodic  curves  th 
deposition  of  oxygen  merely  causes  a  decrease  in  the  slope  of  the 
charging  curve  without  the  appearance  of  such  a  delay  (H.-jSO^  and  K( 
curves,  Fig.  30). 


Fig.  32.  Adsorption  of  sulfuric 
acid  by  platinized  platinum  as  a 
function  of  potential.  A)  ekv.; 

B )  volt  (n .  v .  e  .  )  . 


.atU'1'  II: 


‘rthe  bond  between  the  metal  ar.u  ,  ujI 

tb<  appearance  of  th*-1  layer  ~f  adso»’l  •  ,  ,  •  -  nuse?  --eat 
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on  platinised  platinum  as  a  fur.rti  jn  of  ..  i  .  't  r  -c  iotjr:tlal. 
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rption  of  the  acid  from  the  solution.  Tf  ti  ■  pm  -T’al  Is  ral  a  fur-- 
”,  the  odd  adsorption  should  continuous  1  -  Ina  a  a  in  pro:  'tion 
’  <  the  increase  in  the  surface  charge,  t  t.ia 1  ,  jw  a  ,  as  cut*  be 

from  F'r.  3?,  1  t  a  t airs  a  max imur  ti'ztr  -.ft  !ch  It  decreases  mark* 

.  nearly  coming  dost'  to  zero.  In  non4  ral  s  i  it  1  ms  adsorption  of 
•  ips  ove  in  th  is  section  of  the  chard  ru  urv  into  adsorption  of 
MI,  ii  o t h e :  words,  the  cations  or  the  soiutl  >n  are  consumed  in  the 
motion  of  the  i  n  covering  of  th  iouble  layer.  Thus,  in  spite  of 
increase  In  the  Positive  potential  di 4'4’  ’«  •  •»  t>e:  w<-*-n  electrode  and 
lutlon,  the  positive  surface  charge  of  M  .•  1  ectrode  decreases  or  can 
■  tori  change  its  sign  to  negative. 

i.his  charge  "c  vrrsal  :f  the  e  it  ct  code  is  m  rveii  precisely  In 
tiie  potential  region  In  which  the  lay-,  r  f  adsorbed  oxygen  atoms  ap¬ 
peal  on  the  electrode  surface.  If  it  is  coris Id<  r^d  tiiat  the  bond  be- 
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tween  metal  and  oxygen  is  of  a  dipole  nature,  and  if  it  is  assumed  that 
the  adsorbed  oxygen  atom  is  the  negative  end  of  a  dipole,  the  charge 
reversal  of  the  platinum  electrode  can  be  explained  in  the  same  manner 
as  the  charge  reversal  of  the  mercury  surface  during  the  specific  ad¬ 
sorption  of  anions  (see  §7). 

Indeed  the  adsorbed  layer  of  oxygen  atoms  with  the  dipole  nature 
of  the  platinum-oxygen  bond  creates  a  positive  potential  difference  be¬ 
tween  the  metal  and  the  solution.  Owing  to  the  considerable  degree  of 
filling  of  the  surface  with  oxygen  this  potential  difference  is  fairly 
great  and  can  exceed  the  total  electrode-solution  potential  difference, 
measured  relative  to  the  initial  zero  charge  potential.  Under  these 
conditions,  part  of  the  potential  difference  caused  by  the  ionic  double 
layer  should  have  a  sign  opposite  to  the  sign  of  the  total  potential 
difference  (Fig.  33). 


Fig.  33. 
Schematic 
represen¬ 
tation  of 
the  struc¬ 
ture  of  the 
double  lay¬ 
er  in  pres¬ 
ence  of  ad¬ 
sorbed  oxy¬ 
gen. 


2-10  ^  N  solution  of 
HpSO^  under  the  influ¬ 
ence  of  an  external 
electric  field.  The  sign 
of  the  deviation  corre¬ 
sponds  to  the  sign  of 
the  charge  on  the  wire. 
A)  Volt  (n.v.e  .  ) . 
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An  increase  In  the  quantity  or  ad’  n-d  ox;  -n  i.  accompanied  by 
an  increase  In  the  potential  difference  In  the  adsorbed  layer  only  up 
to  a  certain  limit  as  is  evident  from  Fig.  ,*b  •  W>  t  t1  ;  >tentlal  ir 
shifted  to  values  above  1  ,  t  n  idsorp*  t  r  f  add,  and,  nsequer.tly, 

1  o  the  positive  surf'  ce  charge  again  ,  '  >  t  Increi-f,  i.e.,  the 

disturbance  of  the  nor  trend  of  the  ma  o  a.  t  function  of  potcn- 
i  it  3  ,  caused  by  the  appearance  of  tt>*  x\  gen  lay*  ,  vanishes. 

The  aDove-described  trend  of  tne  variation  of  t  f-e  charge  on  the 

platinum  with  variation  '  its  potetui.  n  _  bo  detected  by  obser¬ 
vations  of  electrokinetic  pne-romena.  -  el  '  r.  u  1  !  talned  b,v  atorr.i  z- 

Ing  the  metal  in  the  electric  ar  c  Ir  v  '•  -  •»  o*  me  j  icr  ,  Is  charged 

n  natively  which  is  easily  verified  b\  -  ;i*  ti  <  ~ ;  >n  f  the  p  r- 

t’cles  unaer  the  influence  of  an  exf  -m ;  '  4  '<  1.  As  N.A.  Bath 

and  N.A.  Balashova  [hi]  have  shown,  when  such  a  or  i.  :  s  carefully  oxi¬ 
dised  witu  oxygen,  which  shifts  the  potent  la  ->f  the  \  atinum  to  the 
positive  side,  the  sign  of  the  charge  becomes  i osi‘  1 ve  and  the  direc¬ 
tion  of  no'  Ion  1-  reversed.  With  fur4  -r  oxld^*  1  -  t'r.r  •  obillty  of  the 
positive  sol  attains  a  maximum,  begins  t  dec  •<  a^e  and  vasses  again 
tr. rough  zero.  When  the  oxidation  is  complete  we-  ou,aln  a  charge-re¬ 
versed  negative  platinum  sol,  which  can  also  bo  prepared  directly,  by 
carrying  out  tne  atomization  of  the  metal  in  pretence  of  oxygen. 

The  dependence  of  the  electroki r  -t '  tot  eiti  J  >f  platlnu  on  the 
al/solutlon  potential  difference  can  al  <  ibst  ‘V  1  oy  following 
tr  deflection  of  a  platinum  wire  imme:  ..  -i  -iroiyte  under  the 

influence  of  an  external  electric  fipl  i,  whl  ”  1 r  r  -  u  ort  ‘onal  to  the 

pot  .ntlal.  As  Fig.  3^  shows,  when  tie  ’  ?r.t  la  liff'  retire  between  the 
platinum  and  the  solution  Inc'-eas*  s,  the  surface  charge  of  the  metal  «* 

changes  from  negative  to  positive  values;  iow over,  with  further  in¬ 
crease  in  tne  potential,  the  surface  charge,  as  a  result  of  the  appear- 
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anoe  of  the  oxygen  layer,  again  becomes  negative. 


By  examining  the  charging  curves  one  can  verify  that  the  adsorbed 
oxygen  undergoes  slow  changes  in  time  which  result  in  a  strengthening 
of  the  bond  between  the  oxygen  and  the  metal .  Figure  31  gives  two  ca¬ 
thodic  charging  curves  (1  and  2)  taken  after  the  deposition  of  oxygen 
on  piatinum.  Tn  the  case  of  curve  1  the  oxidation  of  the  platinum  with 
oxygen  was  carried  out  for  hours,  in  the  case  of  curve  2,  for  60 
lays.  As  Fig.  31  shows,  in  spite  of  a  certain  increase  in  the  total 
quantity  of  oxygen  on  the  platinum  surface  in  the  second  case,  the  ini¬ 
tial  part  of  curve  2  is  lower  than  1;  in  other  words,  after  this  treat¬ 
ment  a  more  negative  potential  must  be  given  the  electrode  for  the  re¬ 
moval  of  the  oxygen  adsorbed  on  its  surface  which  indicates  a  strength¬ 
ening  of  the  bond  between  oxygen  and  metal. 

Measurements  of  the  contact  potential  differences  in  vacuo  permit 
important  conclusions  to  be  drawn  with  regard  to  the  nature  of  the  bond 
Detween  the  oxygen  and  the  metal.  Because  the  problem  of  the  properties 
of  the  metal/vacuum  interface  exceeds  the  framework  of  the  present 
course,  we  shall  merely  indicate  the  main  results  which  can  be  obtained 
with  this  method  in  the  study  of  the  adsorption  of  oxygen  on  metals 
from  the  gas  phase.  The  contact  potential  differenc  between  the  uno  . 
dlzed  and  oxidized  metal  is  equal  to  the  variation  of  the  potential 
lifference  at  the  metal/vacuum  interface,  caused  by  the  appearance  if 
layer  of  adsorbed  oxygen.  The  measurement  of  the  contact  potential  ill 
Terence  shows  that  when  oxygen  is  deposited  on  the  surface  of  tu  rig  si  or 
and  platinum,  the  oxygen  atoms  form  tne  negative  ends  of  dipoles  whic 
extend  from  the  metal  to  the  vacuum,  in  accordance  with  the  conclusion 
at  which  we  arrived  during  the  examination  of  the  influence  of  the  ad- 
sorbe  i  oxygen  on  the  surface  charge  of  the  platinum  in  electrolyte  so 
lutions.  Such  a  layer  inhibits  the  escape  of  electrons  from  the  metal, 
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it  increases  the  work  fund 
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An  analogous  result  Lr  o’.  *-a:v  in  4  rpt  f  oxvgrn  n  the 

surface  of  iron  at  low  temperature  /  '.]!<.<  y  •,  I4'  oxygen  in  de¬ 
posited  on  iron  not  at  low  teinj  erat  ,  t  at  ,  ,  a*  l1  ^  ,  th 

variation  of  the  potential  difference  ih<  surf  layer  of  the  notal 
has  the  opposite  sign  and  the  wo>-k  fu  '  '■  4  >.  'iron  is  not  in¬ 

creased  [  3  3  •  The  moot  prcbal  le  assumption  whict  car  account  for  this 
phenomenon  consists  in  assuming  4  t  r  '  u  .  •  i  ■  ••  4  uj  e  Uc  <•  xygt  n 
atoms  penetrate  rroi  e  deeply  into  th  net  1  Ini  1 1  o»  ,1.  ,  tha  '  l  ey 
sort  of  creep  under  tl  1  xte  -nai  .  ‘  ’  it  or  r  .  and  the  direction 

of  the  dipole  potential  difference  If  ruet: .  P.T .  J.ukir akiy  and  S. 

Fyshanov  [M]  were  the  first  to  ind.cn it  -  • .  .  1 1  i  .  '  ‘  y  of  such  a 

"creeping"  of  impurity  atoms  for  tno  cu.c  .-I  the  aturp.on  of  hydrogen 
on  the  surface  of  potassium  and  also  . f .  *  1  and  P.D.  Pan- 

,  ov  [46]  for  the  case  of  oxygen  adsorption. 

with  further  increase  In  the  dm  i  era4  r  ,  a4  wni  ’  ,  adsorption  of 
xygen  o:i  iron  takes  place,  the  quant  1 1  P  a  i.  *  xygen  increases 

ard  the  work  function,  again  increase.  .  t.  .  .  -ur.K-d  that  th*  cxy- 

•  n  atoms  „hi ch  arc  ..  fly  adsorbed  c  .f  t  xt>  -a.  1  places  vacate.] 

consequence  of  fi?  penetration  of  4  fa  .s,  ■■  .  1  nt  n  the  lattice. 

Whilst  in  the  case  of  hydrogen  chemical  adsorption  obviously  al¬ 
ways  involves  a  decomposition  of  the  ",  molecule  into  atoms,  in  the 
case  of  oxygon  fas  shown,  in  particular,  by  the  investigations  of  ad¬ 
sorption  phenomena  on  the  carbon  elect'’'-'  one  of  the  valency  bonds 
between  the  atoms  forming  the  Op  m/  i <  c  .  i.«  ,  may  bn  retained  during  the 
first  adsorption  stage.  Groups  of  a  .  rc  xid-  i  utur  •  4!ius  form  at  tlie 
surface.  These  peroxide  groups,  however,  mv  net  long-lived  and  decom¬ 
pose  easily  with  formation  of  adsord  i  -it  [^7]. 

The  alterations  to  wl ich  the  adsorbed  oxygen  layers  are  subject 
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are  not  limited  to  the  decomposition  of  the  adsorbed  0^  molecules  into 
atoms  and  the  creeping  of  these  atoms  under  the  external  layer  of  metal 
atoms.  By  means  of  the  method  of  charging  curves  it  is  possible  to  ob¬ 
serve  that  during  the  increase  in  the  quantity  of  adsorbed  oxygen  or 
after  some  time  an  alteration  of  a  different  kind  takes  place  connected 
with  an  interaction  between  adjacent  Me-0  groups.  During  this  altera¬ 
tion  the  adsorbed  layer  assumes  properties  similar  to  those  of  a  new 
phase.  In  order  to  understand  the  phenomena  which  are  observed  in  these 
situations,  let  us  first  examine  the  relationship  between  the  potential 
and  the  quantity  of  electricity  passed  through  in  presence  of  a  phase 
layer  of  a  compound  on  the  metal  surface.  If  an  oxide  or  hydroxide  is 
present  on  the  metal  immersed  in  the  electrolyte,  which  forms  a  phase, 
for  example,  HgO,  then  with  a  certain  composition  of  the  solution  and 
under  equilibrium  conditions  the  electrode  potential  should  have  a  c  n- 
stant  vaiue.  This  potential  is  independent  of  the  quantity  of  oxidized 
compound  because  it  is  determined  by  the  free  energy  of  the  reaction  of 
formation  of  the  solid  phase  from  another  phase,  the  metal,  in  a  solu¬ 
tion  of  constant  composition,  for  example,  in  our  case  the  free  ene^ 
of  the  reaction 

Hg  +  20H'  HgO  f-  HjO-f-  ?c. 

Hence  the  appearance  or  disappearance  of  a  new  compound,  formin 
phase,  should  be  accompanied  by  the  appearance  of  a  horizontal  sect  I 
on  the  charging  curve  whose  length  is  determined  by  the  quantity  of 
acting  substance. 

The  above  discussion  strictly  applies  only  in  the  case  when  the 
formation  or  reduction  of  the  oxide  takes  place  under  equilibrium  cc 
ditions.  This  condition  is  frequently  not  fulfilled  which  causes  cei 
tain  modifications  of  the  charging  curve  which  we  shall  discuss  in 
Chapter  7-  Here  we  shall  merely  Indicate  that  in  presence  of  an  o  xi a  * 
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p'  ase,  v;hlch  cover  ti.-  entire  el*  ?fi\  .  .  ,  h<  _ >*•  1 1  '  -  of  1  n 

reduction  process,  whi  ‘  -kc  f  1  •><»  *  r<  *  U  lit*  r^ace  i  - 

1 

tween  the  filled  and  unfilled  parts  r  t  tc  im'icc,  nay  he  retarded. 

Hence  when  negative  charge;,  are  I  rnpar  *d  1  *  *  :t  1  e*-  t  no  oi  ei  t !  a  1 

initially  goes  tc  the  negative  ;  lo  bey  ,;n  .  *  •  vt  .u'-r  c  'respond  1  nr  to 

the  establishment  of  the  redu^t’on  proce  .  ai  aftei*  th<  inceptior  of 
this  process  return  1  n.  ro  ;  si  Ive  1  *• ;  f  ’  a  ]  jump  Is  the:  ob¬ 
tained  on  the  charging  curve.  Ties'  .  cnl  lari  t  U-s  arc  al  e  aoparet  *  or. 

the  charging  curves  i 1  <=■-*'■  Jn  FI pt  .  3C  hQ]  and  V  . 

As  previously  *  oinved  cut,  tyr  l  cal  or  a>.  *  c  r  or  the  cathodic 

charging  curves  (Fig.  jj )  oDtainwd  titer  •’Jaticn  oi  1  at inlzed  plati¬ 
num  in  an  atmosphere  of  moist  oxygen.  W  :.i>  *  ,  'nit  -  cf  these  delays 

the  slot  e  of  the  charging  curve  is  sr.aj  x,  cv. .  v  i.  cur  .  2 ,  ana 

its  trend  tends  to  horizontal.  Figure  ?g  give.  In*  t'ejio  charging 
curves  of  a  smooth  platinum  electron  ,  mean  ur’u  fip,*  atn-.di  c  oxidati  r . . 

Curve  1  was  obtained  after  relatively  mild  os  Ida.  1  u ;  its  shape  Is  sirr- 

!  ui  to  uhat  of  the  curves  in  rig.  jl .  Curve  1  •  responds  tc  a  greater 

current  density  ano  higher  anodic  \  oteatia.  ’  ;  t  r-  '  ’  :c  ry  anode 

.•eatmer.t .  in  thi  ~  5  ‘  quantity  <  0  '  h*  surface  is 

'a ter  (ten.  of  nonatr  1 L 0  layers.)  and  most  of  it  is  strongly  board  to 
t.h  rurface.  Cu  ve  contains  two  delay;  .  Within  trie  limits  of  the  sec- 
r.J  a  lay  tie  c  trying  curve  i~  almcsv  horizontal  which  indicates  a 
transition  to  the  formation  of  oxides  with  the  v  *rties  of  a  new 
phase,  before  the  second  delay  th*=*re  is  -  ‘  n  tne  ci  rvr  beyond  the 

vr.lue  of  the  potential  correspond irg  *  ’  '  tit  5  ]  part.  The  same 

and  even  more  pronounced  jump  is  sv*  .  the  c-  r-L.ng  curve  2  of  Fig. 

3u  obtained  during  cathodic  reduct'  f  L.n  f.  x  I  1 t  ed  electrode  surface 

/  * 

covered  with  rhe  livm  blaci .  Of  interest  Is  tt.e  fact  that  in  this  case  ,  * 


the  phase  proper* ios  of  the  oxide  layer  appear  in  presence  of  a  quanti- 
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Pig.  35-  Cathodic  charging  curves  of  a  smooth  platinum  electrode  in  1  N 
HpoOj. :  1)  Cathodic  polarization  after  anodic  oxidation  with  a  current 
^  M  ^  2 

density  of  10  J  a/cm  ;  2)  cathodic  polarization  after  anodic  oxidation 

—1  2 

with  a  current  density  of  10  a/cm  .  A)  Volt  (n.v.e.);  B)  coulomb/cm  . 


Pig.  36.  Anodic  (1)  and  cathodic  (2)  charging  curves  of  an  electron*  , 
covered  with  rhodium  black,  in  1  N  HC1.  A)  Volt  (n.v.e.);  B)  coulo. 
cm^  t 
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*  *  'ase  wl  •:  ’  h  r.  •  i*  lv  c  la’  »  c.  f  a  lea  ;  t  1 1-  ry  '  r.egat i v° ly 
■barged.  The  i*i  vt  ".dr  U  .•otent  *nl  of  a  nl  ere1.  elect r'adt*  In  1  N  NaOH, 

•  urated  wl*  ^  N  *.  ( •  h )  ,  is  +  .17  .  or  ins  t  *  h<-  ,  irr  r*n  ele.-tr  ie  ‘  n 

the  same  solution.  At  more  negative  p^t-  *  '  ’  s ,  f  re.r-le,  at  the  re- 

versible  hydrogen  r  tontiai  ,  a  it  a  i  can  no  longer  ex¬ 
ist  on  a  nickel  uirTact  .  A;  a  -•  ,  ot*  *  !i d  rval  within  which 

such  phase  layers  car;  ■  x i s t  in  not  i  TurVfiy  d»  fined;  1  Kinetic  rea¬ 
sons  a  nolay  *  ’  ;  xac<  a  •  1  nr  the  r  >r  •  f  j  r*  vi  u.  ly  formed  layers 

■>h*ch  causes  an  er.Large.-ic  of  this  interval)  as  well  as  during  the 
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formation  and  growth  of  a  layer  of  new  phase. 

Very  important  is  the  circumstance  that  at  potentials  which  metals 
acquire  in  contact  with  atmospheric  oxygen,  the  oxides  or  hydroxides  of 
the  metals  (Including  those  of  platinum)  are  already  thermodynamically 
stable  at  normal  temperatures.  Hence  the  adsorbed  oxygen  layers  which 
we  have  discussed  are  in  a  certain  sense  intermediate  formations  on  the 
way  to  the  appearance  of  new  chemical  compounds  which  is  reflected  in 
a  number  of  their  at ove-described  properties.  In  this  respect  there  ex¬ 
ists  an  important  difference  between  the  adsorbed  oxygen  and  hydrogen 
layers  because  the  formation  of  the  latter,  at  least  in  the  case  of 
metals  such  as  platinum,  leads  to  the  establishment  of  an  equilibrium 
between  the  metal  and  the  hydrogen.* 

The  adsorbed  layers  of  oxygen  obtained  by  interaction  of  metals 
with  gaseous  oxygen  at  different  temperatures  and  pressures  are  In  many 
cases  also  only  an  intermediate  stage  in  the  formation  of  an  oxide. 
However,  the  growth  of  an  oxide  film,  if  it  forms  a  compact  layer, 
which  adheres  tightly  to  the  metal  surface,  is  often  strongly  retarded 
until  It  attains  a  certain,  sometimes  extremely  small,  thickness. 

We  shall  not  dwell  here  in  greater  detail  on  the  laws  of  the 
growth  of  phase  films  arising  during  the  interaction  of  metals  with 
gases  or  electrolyte  solutions  and  shall  return  to  this  problem  in 
Chapter  7;  let  us  merely  Indicate  the  great  theoretical  and  applied  im¬ 
portance  of  this  problem,  to  which  numerous  scientific  studies  have, 
been  devoted. 

The  existence  of  phase  layer's  or  layers  which  are  intermediate  in 
properties  between  adsorbed  layers  and  phase  formations  has  a  great  in¬ 
fluence  on  the  electrochemical  behavior  of  metals.  In  the  case  of  ad¬ 
sorbed  layers  we  are  dealing  with  variations  of  the  electrochemical 
properties  of  the  metal/solution  interface;  thicker  layers  can  simply 
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shield  the  metal  surface  by  lr:h  \  ,  »'  .<.■  [el;  1  -  which 

ia  this  case  tales  t  r.  1  it  k  1  •  *  i  r.  •  •  •  1  - v«r . 

A  number  of  met  hour  i  at  \  r  sent  v,n '  at  ’’  r  i  >■  igat  1  ng  t.he 
structure  and  pror°rtits  of  d  f f  re*  *  *  i  •*  tv  i.  r:<  tal  ur'ac- 

°s .  Considerable  successf  s  4  '  •  i*  -  ’  4  1  a  ta  re'  t.y  f  >- 

vJ  et  researcher.  .  A  \  li.nir  ‘  n  t !  i  \  1  !>  w  r  b  in  our-  country 

by  the  classical  wo- '  ,  cr  «  cl  .  r  .  •  ‘  vrki.v  ,5b1.  Here  we 

cati  only  briefly  enuiner:  re  t  t  s?  '  r.  or*  r  a  u  f  rest. ore.  i- 

this  field. 

The  presence  of  ay  i  let  a-;1  r  -  •  f  tal  sur-fact  ,  if 

tt  ey  are  sufficiently  ^  .  n  a '  >  <  i  u  -  .  1. 1  i  appearance  of 

tier  metal  and  remain:1  unnoti  •  l  wr:  ,  i  n  i  .  v  ur“  o  o.  examined  with 
tie  unaided  eye.  Thus,  for  •  xar:i{  ,  ;tar  such 

ns  iron  is  always  covered  wttn  an  oxide  f  '  r  ruf  condl- 

t ions.  The  fol lowing  si mole  experiment  demons t . -a 4  clearly  the  forma¬ 
tion  r  the  oxide  film  upon  cont  act  or  i”nn  c  .  with  air.  As  we 


know,  a  normal 

iror  surface 

s  not  wetted  ly 

mercury  . 

However , 

if  iron 

'  nersed  In  me 

retry,  is  rupt: 

1 1  ’  e  (. ;  s  <  >.  ’  1 1  1  * 

s  nut 

o  -  .me  into 
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'  !  the  a ’ r , 

t  ne  t  *Y  ^  * 

c,  1  inrm  ;ia’ 

•  ( •  *  • ,  t 

■d . 

Tn  some  c 

axes,  i  vans 

[4S]  has  shown. 

an  ■  >x  !  iK- 

film  can 

be  sep- 

ar-ated  and  mad 

e  v  i  s  1  *  .  c  if  t 

!<  .iiderlylng  m** 

t  a  1  Is  d I 

s solved  by 

means 

^f  reagents  wnieft  lo  not  affect  the  oxide  film.  However,  more  sensitive 
oi ’ lcai  methods  enable  an  oxld°  film  to  oe  detected  and  its  thickness 
measured  without  rer  ^vlno  it  from  the  r  ‘  ir'a  which  is  of  partic¬ 

ularly  great  inoortance  in  the  case  of  vt  .bln  f1  uns .  One  of  these 
methods  is  the  m<  i  -rement  of  t  ‘  1  i ;  4  '  ca.  p  lari  ra‘  '  r.  of  reflected 
light.  This  met!  .-o  nas  been  applied  4  u  it  id.,  *  films  formed  during 
the  oxidation  o;  metals  uy  mceous  by  Ju  Nc rw  Man  scientist  Tron- 
stadt.  et  al.  [^9].  T.N.  Krylova  [99]  measured  the  rate  of  oxidation  of 
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several  at  Itfferenl  temperatures  by  means  of  this  method.  The 

method  of  determining-  the  thickness  of  thin  layers  by  means  of  ellipti¬ 
cal  polarization  ha.  recently  been  brought  to  a  high  degree  of  perfec- 
1  ion  by  B.V.  Deryabin  LbOj  and  can  find  wide  application  also  in  the 
study  of  layers  at  t  tie  interface  between  metals  and  electrolytes  at 
thicknesses  which  cio  not  greatly  exceed  the  molecular  dimensions  (from 
a  few  A  to  several  hundred  A). 

Tnicker  layer.  ,  whose  thickness  Is  comparable  with  the  wavelength 
of  light,  from  several  hundred  to  several  thousand  A,  are  made  visible 
on  the  metal  surface  by  the  Interference  phenomena  produced  by  them 
(temper  color'-),  if  L.V  index  of  refraction  of  the  substance  of  the 
film  is  known  it  ti.  1  ■  ness  can  be  determined  or.  the  basis  of  the  tem¬ 
per  color. 

If  the  substance  of  the  film  is  an  insulator  or  poor  conductor, 

’to  presence  resit]'  in  a  strong  decrease  In  the  electrode  capacitance, 
"he  electrons  in  the  metal  and  the  ions  in  the  solution  can  freely  at 
s  roach  only  to  the  metal/solution  Interface  with  the  insulating  layer, 
id  when  we  measure  the  capacitance ,  for  example,  by  means  of  an  al tor¬ 
's  ting  current,  we  no  longer  measure  the  capacitance  of  the  double 
r,  but  the  capacitance  of  the  capacitor  in  which  the  distance  betv> 
tie  plates  is  is  fined  by  the  thickness  of  the  Insulating  layej  .  At 

hickness  of  the  layer  f  20  A  and  a  dielectric  constant  of  5,  the 

a  2 

lectrode  capacitance  1.  only  ?  nF/cm*"  Instead  of  the  18-20  uF/cm  , 

erved  in  the  case  of  -  normal  double  layer.  Oxide  films  which  do  no" 

vet  form  a  new  phase  and  even  adsorbed  monatomic  oxygen  layers  airea ; 

ause  a  marked  deer  ase  in  the  capaci4-  mce. 

According  to  Eq .  (2)  the  capacitance  measurement  can  be  used  for 
he  determination  of  the  thickness  of  an  oxide  film.  It  is  essential, 
’hough,  to  keep  In  mind  that  th^  presence  of  pores  leading  to  the  elec- 


trode  surface  lr.  t'-' 


:u  * 


O';  1  O  "> 


f  ’  ' 


uc'-'oyzc  i  r:  flu 


capacitance  according  t  l  i .  )  pv  n  I  v  -  .on  area  of 

t  hese  pores  Is  or.  1  /  a  ’  •*  i  ’  or  Tf,  ’in*  hod 

of  capacitance  measur  errv  .4t  r  <  n  u:  » or  *  u<  f  oxide  1  4yers 

in  several  works  [ fj>  1  i- 

The  presence  f  x ’  f  1  l.'.c  .  .  ta  s  ivf-  •*  exerts  an  important 


r  r  r  ween  two  me  t  al 
i  :  t  x  ■  i  of  f  hi  s> 


films  on  net- 
a*  urlnj  +  nc  II¬ 
S'  a.’  inf  ■>  ol  tart- 
.  •  "  •  cd  ‘,0  the 
t  I  Me  to  f  o  1  — 


Influence  on  the  electrl  ■ "  r  .  sin.  au*.  Lug 
surfaces  in  \  v  u  !  u  •  ,tm  .l  r 

resistance  ana  al:  i  n  •  '  >  a,,  i  .• 

al  . urfaces  is  carried  an  y 
tensity  of  a  direct  currer.l  fl  wit.  v  t 
is  applied  between  t  h-  el.-cfr 
dry  electrode  surface  r  7 1 .  iluch  meanur-  .  ir 
.  jv  the  process  of  formation  of  t.rr  '  .  f 

"’he  Investigation  of  oxide  layers  by  n  a*  of  •  above-described 
•  leal  and  elpctr.  a.  methods  gives  a  certain  a  'o>--*ge  value  for  tne 
parameters.  Such  average  values  cannot  cr/nph  ehn motorize  the 

films  because  it:  real  1*  v  the  films  arc  not  .r.f  iet<,iy  homogeneous .  This 
can  be  verified,  a1  parti  nuj.ar ,  by  examining  an  isolated  film  under  the 
electron  mic roscope ;  the  ir.J  crophotographs  obtained  by  this  method  show 
clearly  numei  jus  pore  :  ’  r.  tnc  film  whose  diameter  can  be  very  small, 

;  jr  example,  in  films  on  aluminum  they  a re  Of  t  order  of  50-100  A. * 
The  presence  of  pores  ir  f ’ 1ms  facilltat*  '  dcctrc  henical 

reactions  with  pa  r.  leipation  of  the  ra  t  *  i  j:  maws  it  possible 
to  detect  Individ  . L  pores  by  :>  1  1  '  m (  >  f*  ’ho  •  rcducts  result¬ 
ing  from  such  i  c  a.tx  xns  .  Methods  f  ..  iy in  *  t  “  ret  im  *  of  films  on 

iron  and  aluminum  based  or.  *  .is  principle  have  beer,  worked  out  by  O.V. 
Akimov  and  co-workers  [5k] 

1‘r  appearance  of  oxide  films  on  a  rr.etal  in  an  electrolyte  solu- 
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t  i  n,  can  retmt  it.  *  r  it  ,j  e  in  the  sensit  ivity  of  tne  electrode  to 
the  action  of  light  compared  with  an  electrode  whose  surface  is  free  of 
oxide  fill  ,  ie.-.’tuse  the  absorption  of  light  energy  takes  place  over 
the  entirf  thicknt  .  .  of  the  oxide  film.  Owing  to  the  semi  conductor 
properties  of  many  oxides  the  absorbed  energy  may  be  transferred  to  the 
articles  at  the  oxide  film/solution  interface  at  which  the  electro- 
temical  react  ior  ikf  s  place.  The  determination  of  photoelectrochemi- 
i at  processes,  fur  <.  >  .  pie,  the  variation  of  the  electrode  potential  or 
rlatiori  of  the  current  density,  flowing  through  the  electrode  at  a 
certain  potential,  during  the  action  of  light,  in  combination  with  oth- 
’  elect rochem!  co  asurements ,  as  V.l.  Veselovskiy  [53]  showed,  can 
used  as  a  sensiti  method  of  studying  oxide  films.  With  this  method 
is  possible,  f  "xa  |le,  to  detect  the  formation  of  an  electrochem- 
Really  active  oxide  on  the  Pt  electrode  at  a  potential  of  1.5  v. 

The  method  of  .  ectron  diffract.lon  has  assumed  great  Importance 
°  )r  the  study  of  t.he  structure  of  oxide  and  other  layers  on  metal  sur- 
tets.  In  contrast  to  x-rays,  the  electron  beam  penetrates  the  sub- 
i ance  to  a  relatively  slight  depth.  Because  of  this  the  method  of 
•leccron  scattering  is  part- i cu  1  a rly  suitable  for  the  investigation 
ie  structure  of  thin  layers  and  surface  films.  Experience  has  show 
j . a t  electron  diffract i on  in  oxide  and  other  layers  In  some  car'  :  ca 
s  the  appearance  of  shari  ly  out-lined  rings  on  a  photographic  plate 
placed  iii  tin.  path  of  t.  <  lectron  beam,  i.e.,  the  electron  scattei  i 
' akes  place  under  completely  determined  angles.  This  indicates  a  cry 
taiiine  structure  of  the  thin  layer’s,  whole  nature  can  be  determined 
i  he  lusis  of  the  t .-lectron  diffraction  pat  terns.  Tn  the  case  of  layers 
/dii eh  are  on  the  surface  of  a  metal,  the  lln-js  of  the  metal  itself  nat- 
irally  also  appear  on  the  electron  diffraction  pattern  together  with 
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the  oxide  lines. 
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[ Footnotes ] 

In  the  following  instead  of  saying  "the  metal  gives  off 
electrons"  we  shall  also  say  "the  metal  acquires  a  positive 
charge . " 

Here  as  in  the  following,  when  we  speak  of  a  potential  dif¬ 
ference  between  two  phases,  if  not  specially  stipulated  oth¬ 
erwise,  we  shall  mean  the  potential  difference  measured  by 
means  of  some  auxiliary,  for  example,  calomel  or  hydrogen 
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electrode.  The  quantitative  determination  of  the  absolute 
potential  difference  between  metal  and  solution,  which  is  of 
considerable  theoretical  interest,  cannot  be  finally  achieved 
at  the  present  time,  primarily  because  of  our  insufficient 
knowledge  concerning  the  potential  distribution  in  the  sur¬ 
face  layer  of  the  metal  itself.  See  also  §6. 

See,  for  example,  A. I.  3rodskiy,  Fizicheskaya  khimiya  [Phys¬ 
ical  Chemistry],  GNTI  [Gosudarstvennoye  nauchno-tekhniches- 
koye  izdatel'stvo  =  State  Scientific  Technical  Publishing 
House]  of  chemical  literature,  1948. 

In  dilute  solutions  the  activity  in  Eq .  (1)  can  be  replaced 
by  the  concentration.  In  this  case  Eq .  (1)  is  normally  termed 
the  Nernst  formula.  An  analogous  relation  has  been  indepen¬ 
dently  derived  by  V.  Tyurin  for  amalgam  circuits. 

Concerning  the  origin  of  the  double  layer  see  also  [1,  2]. 

This  quantity  will  be  more  accurately  defined  in  the  follow¬ 
ing  section. 

The  capacitance  of  the  double  layer  varies  when  the  water  is 
replaced  by  other  solvents  but  its  variation  is  considerably 
less  than  the  variation  of  the  dielectric  constant. 

It  is  assumed  here  that  an  ion  can  be  regarded  as  a  charged 
sphere  and  that  its  charge  is  considered  as  equivalent  to  a 
point  charge  placed  at  the  center  of  this  sphere. 

On  condition  of  electrical  neutrality  the  surface  charge  of 
the  metal  is  equal  in  absolute  magnitude  to  the  charge  of 
the  ion  part  of  the  double  layer  and  opposite  in  sign. 

The  latter  follows  directly  from  the  relationship  between  the 
charge  density  e  on  the  surface  of  a  metallic  conductor  and 
the  potential  gradient  close  to  the  surface  of  the  metal, 
known  from  electrostatics: 


Because  within  the  dense  part  of  the  double  layer  the  rela¬ 
tion  between  ^  and  x  is  linear,  we  have 


and,  consequently 


4*1  ♦•)• 

See,  for  example,  A. I.  Brodskiy.  Fizicheskaya  khimiya,  GNTI 
of  chemical  literature,  Vol.  1,  1948,  page  455. 

See,  for  example,  I. Ye.  Tamm,  Osnovy  teorii  elektrichestva 
[Fundamentals  of  the  Theory  of  Electricity],  1949,  page  56. 
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When  applying  the  Poisson  equation  we  assume  that  depends 
only  on  x,  i.e.,  that  by  neglecting  the  discontinuous  ar¬ 
rangement  of  the  charges  in  the  double  layer,  we  can  average 
the  value  of  the  potential  in  a  plane  parallel  to  the  elec¬ 
trode  surface.  Up  to  now  it  has  not  yet  been  possible  to 
build  a  quantitative  theory  of  the  double  layer  taking  the 
discrete  structure  of  Its  ion  envelope  into  account  [6], 

In  the  following  we  shall  use  the  term  ’'interface"  tension 
for  the  case  of  a  boundary  between  two  phases,  reserving  the 
term  "surface  tension"  for  the  free  surface  of  liquids. 

If  charges  are  not  supplied  from  without  to  the  mercury  elec¬ 
trode  whose  surface  increases  continuously  in  consequence  of 
the  disintegration  of  the  stream  into  droplets,  the  charge 
density  e  evidently  becomes  zero. 

The  contact  potential  difference  VAg  between  the  metals  A  and 

B  is  equal  to  the  difference  of  the  work  functions  A.  and  \p 
of  the  electrons  in  these  metals: 

*'ad5=*a"'*»* 

A  metal  which  has  a  smaller  electron  work  function  is  charged 
positively  upon  contact  with  a  metal  having  a  larger  value  of 
A.  Every  alteration  “  the  state  of  the  surface  which  affects 
A,  for  example,  the  formation  of  an  adsorbed  layer,  causes  a 
corresponding  alteration  of  the  contact  potential. 

It  can  also  be  shown  that  the  values  of  the  Individual  poten¬ 
tial  differences  at  the  interface  of  two  phases  cannot  be 
found  from  the  experimental  data  by  a  thermodynamic  method 
[28]. 

At  concentrations  close  to  saturation  the  thickness  of  the 
adsorbed  layer  can  exceed  that  of  a  single  molecule. 

This  result  compels  us  to  assume  that  even  in  the  absence  of 
impurity  molecules  an  orientated  layer  of  water  molecules  can 
also  cause  the  appearance  of  a  potential  difference  between 
metal  and  solution,  which  does  not  vanish  at  the  zero  charge 
potential. 

The  maximum  adsorption,  however,  does  not  completely  coincide 
with  the  zero  charge  point  [3^]»  In  the  case  of  substances 
which  like  butyl  alcohol  shift  the  zero  charge  point  in  the 
direction  of  more  positive  potentials,  the  adsorption  maximum 
is  at  weakly  negative  values  of  cpn» 

High-molecular  organic  cations,  as,  for  example,  the  ion 
N(CjjHg)+  behave  partly  as  ions  and  partly  as  molecules;  al¬ 
though  they  are  also  adsorbed  preferentially  on  a  negatively 
charged  surface;  at  very  large  values  of  negative  charge  de¬ 
sorption  again  takes  place. 

More  detailed  examination  shows,  however,  that  certain,  al- 


though  relatively  not  large  quantities  of  adsorbed  gases  re¬ 
main  on  the  electrode  surface  even  in  the  double  layer  re¬ 
gion  . 

71  In  solutions  containing  Cl  and  Br  ions,  some  dissolution  of 

the  platinum  also  takes  place  at  the  same  time. 

73  During  the  anodic  oxidation  of  smooth  platinum  by  a  current 

with  high  density  or  by  prolonged  action  of  oxygen  on  it  con¬ 
siderable  quantities  of  oxygen  are  built  into  the  metal  lat¬ 
tice.  The  oxygen  dissolved  in  the  metal  is  partly  reduced 
during  the  recording  of  the  cathodic  charging  curves,  which 
sometimes  makes  the  accurate  determination  of  the  potential 
as  a  function  of  the  quantity  of  electricity  passed  through 
more  difficult.  These  phenomena  are  not  observed  when  elec¬ 
trodes  of  platinized  platinum  are  used. 

83  This  remark  obviously  refers  only  to  metals  which  do  not  form 

stable  hydrides  under  normal  conditions  of  temperature  and 
pressure,  such  as,  for  example,  Cd. 

86  However,  the  pores  in  films  normally  do  not  penetrate  to  the 

surface  of  the  pure  metal  but  only  to  a  thinner,  already  com¬ 
pact  film  which  covers  the  metal. 

88  On  the  oxidation  of  metals,  see  also  the  book  by  V.I.  Ar- 

kharov  [551* 
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Chapter  1 

DIFFUSION  KINETICS 

51.  CONCENTRATION  CHANGES  NEAR  THE  ELECTRODE  DURING  PASSAGE  OF  CURRENT 

We  shall  begin  the  study  of  the  kinetics  of  electrochemical  reac¬ 
tions  with  the  question  of  how  the  supply  of  the  reacting  substances  to 
the  electrode  takes  place.  The  processes  of  diffusion  of  dissolved  sub¬ 
stances  are  of  fundamental  importance  in  this;  hence  this  section  of 
kinetics  is  often  termed  diffusion  kinetics.  Let  us  point  out  that  the 
mechanism  of  the  removal  of  the  reaction  products  from  the  electrode 
surface  is  reminiscent  in  many  respects  of  the  mechanism  by  which  the 
reacting  substance  is  supplied;  the  study  of  these  two  processes  is 
thus  closely  related.  In  many  cases  the  processes  which  supply  the  re¬ 
acting  substances  and  remove  the  reaction  products  determine  the  over¬ 
all  rate  of  the  electrochemical  reactions.  Under  these  conditions  the 
latter  reactions  proceed  in  accordance  with  the  laws  of  general  diffu¬ 
sion  kinetics  of  heterogeneous  reactions  in  solutions,  the  fundamentals 
of  which  have  been  described  in  1 8 9 6  [1]  by  A.N.  Shchukarev. 

Let  us  consider  a  galvanic  circuit  through  which  a  current  is 
flowing.  Initially,  before  the  switching  on  of  the  current,  the  concen¬ 
tration  of  the  dissolved  substances  (electrolytes  and  nonelectrolytes) 
had  the  same  value  at  all  points  of  the  solution;  certain  equilibrium 
potential  differences  were  observed  at  the  electrode  surface.  After 
switching  on  of  the  current  composition  changes  occur  at  the  electrode 
surface:  ions  or  dissolved  molecules  of  one  species  enter  into  reac¬ 
tion,  and  ions  or  molecules  of  another  species  are  formed  as  a  result 


of  the  reactions.  The  concentration  of  the  dissolved  ions  or  molecules 


near  the  electrode  changes  and  the  initial  distribution  is  altered. 
Diffusion  processes  then  occur  in  the  solution  which  tend  to  equalize 
tne  concentration  differences  which  have  arisen  and  which  ensure  a  sup¬ 
ply  of  reacting  substances  to  the  surface  or  the  removal  of  reaction 
products  from  the  electrode  surface.  The  potentials  of  the  individual 
electrodes  assume  new  values  (differing  from  the  equilibrium  values) 
which  depend  on  the  intensity  of  the  current  passing  through  the  gal¬ 
vanic  circuit. 

In  order  to  analyze  the  process  of  motion  of  the  particles  in  the 
solution  it  is  useful  to  make  first  the  simplified  assumption  that  the 
electrochemical  properties  of  the  electrode  under  consideration  are  not 
altered  under  the  influence  of  the  flowing  current,  i.e.,  that  the 
electrode  potential  is  determined  by  the  ion  concentration  near  the 
electrode  in  exactly  the  same  manner  as  it  would  be  under  equilibrium 
conditions.  The  only  correction  which  is  introduced  according  to  this 
assumption  Into  the  formula  for  the  equilibrium  potential  is  that  the 
Initial  concentration  of  the  substance  which  determines  the  electrode 
potential  is  replaced  by  a  new  modified  concentration,  namely  the  value 
established  near  the  electrode  during  the  passage  of  the  current. 

The  assumption  made  In  the  foregoing  is  a  certain  approximation 
which  is  not  always  equally  Justified.  Cases  can  be  mentioned  (for  ex¬ 
ample,  the  formation  of  the  amalgams  of  many  metals)  in  which  it  ap¬ 
plies  and  it  is  consequently  easier  to  analyze  the  phenomena  connected 
with  the  motion  of  the  ions  in  the  solution.  In  other  cases  additional 
changes  are  superposed  on  these  phenomena  which  complicates  the  discus¬ 
sion  of  the  over-all  kinetics  of  the  electrochemical  processes. 

The  concept  of  the  concentrations  of  the  potential-determining 
ions  near  the  electrode  surface  which  we  have  used  requires  a  more  ac- 


curate  definition.  Let  us  visualize  a  metallic  l*>ct  rode ,  for  exa  pic, 
a  silver  electrode,  immersed  in  a  solution  of  its  r-jlr  .  At  the  elec¬ 
trode  surfare,  as  has  been  explained  in  the  Introduction,  there  is  a 
double  electrical  layer  in  which  the  uniform  distribution  of  charges 
(ions),  existing  in  the  volume  of  the  solution,  is  upset.  The  concen¬ 
tration  of  the  silver  ions  within  the  double  layer  even  under  equilib¬ 
rium  conditions  differs  from  the  volume  concentration  of  these  ions;  if 
the  electrode  surface  is  positively  charged,  tnis  concentration  is  les 
than  in  the  volume  of  the  solution,  and,  if  it  is  negatively  charged, 
greater. 

The  problem  arises  wnai  value  of  tbe  concentration  should  be  sub¬ 
stituted  in  the  expression  for  tb  equilibrium  potential 

•  nr 

'•*«•  (46) 

Obviously,  It  would  have  n  incorrect  to  introduce  into  this  formula 
rhe  concentration  present  at  a  point  witnin  the  double  layer,  in  this 
case  it  would  have  been  necessary  to  take  into  account  the  electrostat¬ 
ic  field  of  the  double  layer  and  the  variation  of  the  chemical  poten¬ 
tial  at  each  point  of  the  double  layer,  caused  by  the  action  of  this 
field.  If  we  use  Eq .  (46)  in  its  general  form,  the  concentration  of  the 
potential-determining  sliver  ions  at  a  distance  from  the  electrode  sur¬ 
face  at  whlci.  the  action  of  the  forces  of  the  double  electrical  layer 
can  b(  neglected,  would  have  to  be  substituted  in  it. 

In  the  case  of  a  polarized  system,  however,  i.e.,  a  system  through 
which  an  electric  current  flows,  the  concentration  of  the  ions  in  the 
layer  of  the  solution  near  the  electron  ,  a:  we  have  pointed  out  above, 
changes  with  distance  from  the  electrode,  and  the  concentration  of  the 
potential-determining  ions  close  to  the  electrode  must  be  substituted 
in  the  expression  for  the  potential  of  the  polarized  electrode.  A  cer- 


tain  contradiction  results  due  to  the  fact  that  the  term  "close  to  the 
electrode  surface"  has  a  different  meaning  in  the  two  cases. 

The  disturbance  of  the  charge  distribution  at  the  electrode  sur¬ 
face,  caused  by  the  electric  field  of  the  double  layer,  extends  for  on¬ 
ly  a  short  distance  into  the  depth  of  the  solution,  equal  to  the  thick¬ 
ness  of  the  diffuse  double  layer.  This  distance,  as  has  been  explained 
previously,  depends  on  the  total  electrolyte  concentration  in  the  solu- 

rj  —6 

tion  and  for  not  very  lov;  concentrations  is  of  the  order  of  lCf  -10 
cm.  In  the  solution  zone  adjacent  to  the  double  layer  the  ion  concen¬ 
tration  is  everywhere  the  same  under  equilibrium  conditions;  under  non¬ 
equilibrium  conditions;  however,  it  varies  in  accordance  with  a  certain 

law.  Under  the  usual  mixing  conditions  this  concentration  variation  ex- 

—q  _2 

tends  to  a  distance  of  not  less  than  10  -10  cm;  the  layer  in  which 

this  concentration  change,  caused  by  the  electrochemical  reaction  at 
the  electrode  surface,  is  termed,  for  reasons  which  will  be  clear  from 
the  following,  diffusion  boundary  layer  (not  to  be  confused  with  the 
diffuse  double  layer).  Compared  with  the  thickness  of  the  diffusion 
layer  the  thickness  of  the  double  layer  is  small.  In  other  words, 
points  can  be  selected  which  would  simultaneously  satisfy  the  following 
two  conditions:  firstly,  that  they  lie  outside  the  double  layer,  i.e., 
that  the  effect  of  the  electric  field  of  the  double  layer  should  not  be 
observed  in  them  and,  secondly,  that  they  should  nonetheless  be  so 
close  to  the  electrode  surface  that  from  the  point  of  view  of  the  con¬ 
centration  variation  in  the  diffusion  layer  one  could  speak  of  an  ion 
concentration  at  the  actual  electrode  surface  (point  A  in  Fig.  37). 

The  combination  of  these  requirements,  however,  cannot  always  be 
fulfilled.  In  the  extreme  case  of  a  very  low  total  concentration  of  the 
solution  at  the  electrode  surface  the  thickness  of  the  diffuse  part  of 
the  double  layer  increases  and  approximates  the  thickness  of  the  dif- 
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Fig.  37*  Distribut ion  of  the  electrolyte  concentration  o'  ,  the  concen¬ 
trations  of  the  anions  (e^,)  ana  cations  •  ^  )  in  the  diffuse  part  of  the 

double  lave1”  and  in  the  diffuse  layer  or  the  negatively  charged  elec¬ 
trode;  x .  is  the  boundary  cf  the  diffuse  part  of  the  double  layer;  x, 

1  0 

is  the  boundary  of  the  diffusion  layer-;  o  Is  the  initial  electrolyte 
concentration  at  a  distance  from  the  electrode.  .\)  Metal;  B)  solution. 

fusion  layer;  under  these  conditions,  urn  elementary  relations  whicl 
will  be  presented  further  on  are  not  applicable.  Altnough  such  pi  encrn- 
ena  can  sometimes  occur,  they  are  nevertheless  not  of  any  great  practi¬ 
cal  importance  for  the  usual  electrolysis  conditions,  and  the  assump¬ 
tion  made  in  the  foregoing  is  completely  justified  in  most  cases.  Thus, 
if  the  concept  of  concentrations  near  the  electrode  surface  is  used  in 
the  following,  this  concept  must  be  understood  in  a  macroscopic  and  not 
a  microscopic  sense  of  the  term.  To  avoid  ambiguities  we  shall  speak  of 
concentrations  'near  ho  electrode  surface"  or  "in  the  space  around  the 
electrode,"  jeserving  the  term  "surface  concentration"  for  designating 
the  concentration  of  the  particles  at  molecular  distances  from  the 
phase  boundary. 

As  A.G.  Samartsev  [2]  showed,  the  variation  of  the  ion  concentra¬ 
tion  near  the  electrode  surface  durln  the  passage  of  the  current  can 
be  directly  observed  optically  by  the  variation  of  the  index  of  refrac¬ 
tion  of  the  solution.  The  use  of  a  sensitive  interperometer  In  combina¬ 
tion  with  a  polarization  microscope  enables  the  concentration  gradient 
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in  different  parts  of  the  diffusion  layer  and  also  the  total  concentra¬ 
tion  difference  between  points  in  the  volume  of  the  solution  and  near 
the  electrode  surface  to  be  determined. 

Let  us  now  examine  the  conditions  of  variation  of  the  concentra¬ 
tion  during  the  passage  of  an  electric  current  in  the  simplest  case. 
Assuming  we  have  a  metallic  electrode,  for  example,  silver,  in  a  capil¬ 
lary  and  occupying  its  entire  cross  section.  The  capillary  is  filled 
with  a  dilute  silver  nitrate  solution  and  at  the  second,  open  end,  it 
is  connected  with  a  large  vessel,  containing  the  same  solution  (Fig. 

38).  Because  the  volume  of  the  solution  in  the  large  vessel  is  large 


+ 


Fig.  38. 


compared  with  the  volume  of  the  solution  in  the  glass  capillary,  the 
electrolyte  concentration  in  this  vessel  during  the  passage  of  current 
varies  only  slightly  and  can  be  neglected.  In  other  words,  it  can  be 
assumed  that  the  ion  concentration  at  the  open  end  does  not  change  and 
remains  always  equal  to  the  initial  ion  concentration  in  the  solution. 

Let  us  first  consider  the  case,  which,  as  will  be  evident  from  the 
following,  is  the  simplest.  Namely  this:  we  assume  that  in  addition  to 
the  ions  which  determine  the  electrode  potential  and  which  can  be  dis¬ 
charged  at  the  metal  surface  (i.e.,  in  our  example,  in  addition  to  the 
ions  of  the  silver  salt)  a  foreign  electrolyte  which  does  not  particl- 


pate  In  the  electrolvr.it  t.rocc  ss  ,  !\  e  «.-•  v a  ;  ,  ^  xc  ..  3  of  potassium 

nitrate,  is  present  Li  t  x  m 

Let  us  consider  the  conditions  of  tne  supply  of  sliver  ions  to  the 
electrode  surface  during  electroiysi  .  At  !e  '’irst  moment  after-  the 
switching  on  of  the  cum-  *  "be  silver-  1  ns  begir  he  discharged  and 
their  concentration  near-  the-*  electron  surface  will  decrease.  A  certain 
concentration  gradient  wilt,  appear-  in  the  olution  in  the  capillary  re¬ 
sulting  in  a  diffusion  of  the  discharged  Lor  from  he  more  remote 
parts  to  the  electrode  surface.  The  diffusion  rate  >f  the  ions  will  be 
proportional  to  the  <.  me  rntrat  ion  gradient. 

In  addition  to  the  d  'Tu.  *  or  ,  a  r*ovem<-r  of  charged  ions  under-  the 
influence  of  the  eledtrosr «- i c  fielci  solution  taker  place.  This 

movement  is  often  termed  ion  migration  ir  r-e  elect  ’ocheulcal  litera¬ 
ture.  The  electrostatic  field  in  the  solution  caises  a  migration  of  all 
the  ions,  those  discharged  at  the  electrode  surface  as  well  as  those 
which  are  not  discharged,  i.e..  In  the  above  case  the  Ag+  ions  as  well 
as  the  and  N0~  ions.  According  tc  tne  above  assumption,  the  concen¬ 
tration  c.  the  silver-  ion  i  lo  .  cont  area  witn  t  ie-  concentration  of 
tn  other  ions;  nonce  only  a  small  tan  of  t  current  in  the  solu1  Ion 
is  due  to  the  migration  of  siiv  1*  ions.  This  assumption  thus  permits  us 
to  egloct  t  e  c’graticn  of  the  silver  ions  in  tne  general  process  of 
the  transport  of  4  ,ese  ions  to  the  electr  de  surface. 

Thirdly,  an  enormously  Important  factor  on  which  the  transport  of 
substance  to  the  electrode  depends,  is  the  -  nvement  of  t.he  liquid  it¬ 
self,  which  arises  spontaneously  or  do-  tir'-ii,-  f  the  solution.  In 

order  to  exclude  1  his  influence,  the  motion  of  the  i  ns  in  a  capillary 
i?  ronsidered  in  the  select*-!  example,  l.e.,  under  -onditions  whicl  ex¬ 
clude  any  conve  len  moveiner’  and  mixing  of  the  liquid  (Fig.  38). 

T? e  effect  of  the  ion  mirration  and  the  convection  of  the  liquid 
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on  the  process  of  transport  of  the  reactants  to  the  electrode  surface 
will  be  examined  in  the  following  sections. 

In  proportion  to  the  passage  of  current  the  solution  at  the  elec¬ 
trode  surface  is  progressively  impoverished  in  silver  ions  which  in 
turn  causes  an  increase  in  the  concentration  gradient  and  at  the  same 
time  an  intensification  of  the  transport  of  these  ions  via  diffusion. 
After  a  certain  time  conditions  are  established  under  which  the  number 
of  ions  disappearing  because  of  the  discharge  reaction  becomes  equal  to 
the  number  brought  to  the  electrode  surface  by  diffusion.  A  certain 
stationary  state,  i.e.,  one  which  does  r.ot  change  with  time,  is  estab¬ 
lished;  this  state  is  of  course  not  an  equilibrium  state  because  it  is 
maintained  by  the  passage  of  current  through  the  solution  and  is  imme¬ 
diately  upset  when  the  current  ceases. 


§2.  DIFFUSION  EQUATIONS 

In  order  to  determine  the  regul  eities  connected  with  the  passage 
of  current  through  a  solution  under  stationary  conditions  one  has  to 
solve  the  simplest  problem  of  diffusion  kinetics. 

According  to  the  laws  of  diffusion,  the  quantity  m  of  substance 
diffusing  within  the  time  At  through  a  certain  cross  section  perpendic¬ 
ular  to  the  axis  x  which  is  in  the  direction  of  increasing  concentra¬ 
tions,  is  proportional  to  the  concentration  gradient  3 c/3x,  the  magni¬ 
tude  of  the  cross  section  S  and  also  the  time  interval  At: 

W) 

The  proportionality  factor  D,  the  diffusion  coefficient,  has  the 

dimension  of  the  square  of  the  length,  divided  by  time;  it  is  normally 

2  2 

expressed  in  units  of  cm  /sec  or  cm  /day.  Diffusion  in  the  direction  of 
decreasing  concentrations  we  shall  consider  as  the  positive  diffusion 
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direction . 


If  the  concent '"at  ion  jf  t,  •>  iir*'u--‘r,  .  .mbs  t  arm  at  every  poll  1  of 
the  solution  Is  not  constant  out  varies  vs  1 1  .  time,  we  can  find  t hi  co 
nection  between  its  rate  of  change  and  rte  ;uariti  t  y  which  character i  ser 
the  concentration  distrlbu:  I  n  a  lent  .! :  f  f  a  '  n  \  at  h .  For  this  :  .im¬ 
pose  we  make  two  identical  parallel  .  n  ;  u  ■  af  a  iie- 

tance  dx  from  each  ot;  •  r  .’■’ip.  to  • .  n  ^  ■ .  r  1  ati  n  gradient  at 

the  first  cross  section  1c  decimate  1  oy  •  •  ,  ‘  nr.  rear  ‘:he  ;  •  car.  i 

cross  se  t  ion  it  wl  1  uilT  ..  *.  1 1  Pi*  *  ,  .'all  vj  up  ,  i.o.  ,  it 

will  be  equal  to  (  \  (  <v  >  ,  <>  .. 


The  quantity  of  sue 

Hmc-  iHH.,  lr 

•  >  V  i  *  cr 

■>  s  sec-- 
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V 

£  )  At,  and 

u  t.  *  :  t ' 

of  sut stance 

d i ‘ fur i ng 
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rate  of 

change  of  the  concentration  in  the  volume  ■’  =  •,  '  ncluded  b*  twe«'n 

the  two  cross  sections,  is  equal  to  t.h  f  the  difference  cd’  tin 

quantities  of  substance  coming  in  and  going  m  in  unit  time  to  the 


volume  • ,  i • e  .  , 
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Fig.  39.  A!  Diffusion 
direction • 
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fut  t  i  *  ut  i  r, r  i  i 
ottais  the  following  differential  equation: 
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In  th  at  .  -  'em  ldered  case  of  oiffusior 
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t  Ion  at  any  point  ttm  capillar: 
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•  r.  •  t  ml  and  <)c/3  1  =  0. 
It.  follows  from  .  .  '  hQ )  that  in  Hie  »a  •■•  =  1  r  si  ,  '.e.,  tt 

concent  rat  ion  gradient  at  il  i.  joints  of'  t  e  c;  r  111  ary  has  tl.  cme  va 
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ue,  which  is  evidently  equal  to  3 c/?x  =  (c  -  c  ) /l ,  where  l  is  the 
length  of  the  capillary,  c'  is  the  concentration  of  the  ions  estab¬ 
lished  near  the  electrode  surface  during  passage  of  the  current  and  o 
is  the  concentration  at  the  open  end  of  the  capillary  which  is  identi¬ 
cal  with  the  initial  ion  concentration  in  the  solution  prior  to  the 
passage  of  curr°nt. 

The  number  of  ions  diffusing  in  unit  time  to  one  square  centimeter 
of  electrode  surface  is  equal  to 

..rV0  (£),-.  (50) 

(in  the  description  of  diffusion  processes  this  quantity  is  often 
termed  the  diffusion  flow).  From  this  formula  one  can  readily  compute 
the  density  of  the  electric  current  (i.e.,  the  intensity  of  the  cur¬ 
rent,  related  to  unit  of  electrode  surface),  passing  through  the  sys¬ 
tem.  Indeed,  under  stationary  conditions  the  current  is  determined  by 
the  number  of  diffusing  ions  and,  in  order  to  calculate  the  current 
density,  one  has  to  multiply  the  ion  diffusion  flow  with  the  charge  of 
the  ion.  If  the  concentration  is  expressed  in  gram-moles  per  cubic  cen¬ 
timeter,  the  diffusion  flow  must  be  multiplied  with  nF ,  where  n  is  the 
valency  of  the  ions,*  and  F  the  Faraday  number: 

(51) 

In  the  case  of  stationary  diffusion  the  current  density  is 


..  nc«-  c' 

i  -  nr  D — j— 


(52) 


Formula  (2)  expresses  the  relation  between  the  density  of  the  cur¬ 
rent  flowing  through  the  system  and  the  stationary  concentration  c'  of 
the  metal  ions  at  the  electrode  surface.  Let  us  consider  in  greater  de¬ 
tail  the  nature  of  the  expression  thus  obtained.  If  the  current  density 


is  increased,  the  ion  concentration  at  the  electrode  surface  should  de¬ 
crease.  The  quantity  c s  may  vary,  beginning  f~om  the  initial  concentra- 
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tion  at  a  cui  ra  nt  .en?l  -  cl  <  .  o  *  •  7  :  '  ir.e  roast?  In  i  it 

may  decrease  to  z«  rc .  n  t  h  .uto  .  i.  t  .  emu  r.t  density  attains  a 

certain  limit  value  whict  wt  shall  ies  n  bv  ■  .  This  limit  current 

7  u 

density  is  often  termed  "ltr.’t.  liffusi on  --urreid  .’’It  is  equal  to 


i.e.,  the  limit  curre  it  comity  i  :  t  r  ti  ■  1  t  the  initial  concen¬ 
tration  of  the  silver1  i v  *  in  t j  ^ i :  ’  r  and  inversely  proportional 

to  the  length  f  the  cm  M  y.  As  im  •  •  nt  .r  '  ior  mud*  by  us, 

according  to  which  c  r 1  \  .'hwr  ions  art  discharged  rat  t.  ie  cathode, 
holds,  we  must  not  pm.  ,v'  ‘  ri  t  rr  unclm-  considera¬ 
tion  whose  densit  y  exr  v  '  . ’  1  lU  .  . 

Because  tre  dir’fusi  n  ’oe  ’i  int  j.  •  i  es  with  temperature,  the 
limit  diffusion  flow  for  this  s  n  t<-  .  h  Iso  'rcrease  with  tempera¬ 

ture,  according  to  the  relation 


nfc*  dD  _  ‘d  dp 

Of  ~  l  dt  ~  D  dt 


(5J| ) 


S3.  EQU>  TICKS  OF  THE  COiJPFf:TRATTr  N  PoLAF  1  Z/.TTOi 

Using  the  expression  for  the  limit  jiff a  ion  current  we  can  write 
Formula  (52)  in  tin  fern.: 

'‘-'•0 --£•)■  (55) 

Tt  foj.it.ws  fi  mi  this  tr.at  che  concentration  of  silver  ions  at  the 
electrode  surface,  expressed  by  the  current  density,  is  equal  to 


‘‘-'V-i) 


(56 ) 


Knowing  the  -onnection  tot wee?  ct •  and  ion  concentra¬ 
tion  at  the  e_ectr  le  surface,  u  cif  .  ur  pr  blem  concerning  the 

depending  of  the  electrode  pots  t’al  a  ttie  diffusion  flow,  if  it  is 
assumed,  as  we  ii  j  n  the  °  -er~inr,  t.na 1  ‘  he  *  lectrode  potential  Is 
determined  in  accordance  w’  _r.  tre  usual  t  ne rmodynarr.ic  formula 
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9^+J"lnctf 


(46a) 


In  which  cl  is  the  concentration  of  the  potential-determining  ions  near 
the  electrode  surface. 

Substituting  in  this  formula  the  expression  for  cs  from  (56),  we 
obtain 


•  (57) 

Frequently  we  are  not  interested  in  the  potential  Itself  but  in 
its  variation  compared  with  the  value  which  the  potential  had  under 
equilibrium  conditions,  i.e.,  prior  to  the  passage  of  the  current.  The 
magnitude  of  this  shift  which  we  designate  by  A  <P,  is  normally  termed 
the  polarization  of  the  electrode 


(58) 


Equation  (58)  which  connects  the  potential  variation  with  the  cur¬ 
rent  density  on  the  assumption  that  the  passage  of  current  affects  the 
electrode  potential  only  by  the  variation  of  the  ion  concentration,  is 
termed  the  concentration  polarization  equation. 


Fig.  40.  Current  density  as  a 
function  of  the  electrode  po¬ 
tential  presence  of  concentra¬ 
tion  polarization.  A)  Volt. 


It  is  evident  from  Eq .  (58)  that  at  a  current  density  close  to 
zero  the  polarization  is  also  close  to  zero,  i.e.,  in  agreement  with 
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the  above  st at  erne.  c  ,  a  - 

<•  lar 

! ration  of  ' 

o 

in  absence  of  a  curren* . 

.■■■hen 

the  cur”(  •  v 

d  *  r 

trode  potential,  in  conso 

quonce  of  the  ue 

c  re  a; 

tratlon  of  the  potent iai- 

dot  e 

mining  ions 

,  sh 

i.e.,  A<P  assumes  a  negati 

ve  . 

At  small  values  if 

/  * 

Fc  .  (58)  -,r 

0* 

simpler  expression: 

ItT  i 

“'f  ‘  hr 

Accord i ng 

.  •  •  j  •  C  t  '  v  i  w 

no  1 ; 

small  compared  wi1!  ’ 

»  1 

r  >i  *■ 1  i  .a 

:  o 

inversely  proportional  to 

l:u 

1  1  r  1  i  :  i  !  : 

i  p  r  i 

When  the  current  den 

s  i  t  y 

tends  t..»  i4 

.  11. 

or  laced  by  the  f :  1  lowing 

f  r>8a) 

ri sat  i  on  ,  although  it  is 
t.  'ut  rent  density  i  and 
current 

it  vi. ue  i  p  the  absolute 
value  of  the  polarization  uecomes  infinite  .  fun  an  infinite  increase 
in  the  polarization  naturally  is  devoid  of  any  physical  meaning.  Howev¬ 
er,  there  is  nothing  surpris'  ~  Ir  this  dcau  t.ljr. ,  because  it  follows 
from  t bio  assumption  of  the  possibility  of  a  single  electrochemical  re¬ 
action,  which  has  beer*,  made  in  the  foregoing.  Whe*n  the  ion  concentra¬ 
tion  at  the  electrode  surface  c  is  exactly  . fro,  tnen  according  to 
the  thermodynamic  formul  >  (^6a),  the  electrode  potential  assumes  the 
value  — * .  In  ’-eaiitv,  however,  when  ttr  polarization  increases,  new 
electrochemical  processes  at  the  electrode  surface  become  possible 
(disci  arge  of  other  ions  r  nolecules)  wh'ch  require  part  of  the  cur¬ 
rent,  owing  to  which  the  further  potential  variation  is  delayed. 

Figure  U 0  show,  the  curve  r  prose  *  ‘  .e  current  density  as  a 

function  of  elect  ^cgo  potential  f  14  t >  (.>•..■  f  concentration  polariza¬ 

tion  according  to  zq .  ( N  .  /  ‘  rf  <  .ouid  \  <  given  to  the  fact  that 
different  methods  of  representing  polarization  curves  are  encountered 
in  the  elect  roc  ru  mi  ?  ai  lir  ■  tun  ,  jj'  pc,  r  jt  >xample,  ir.  the  form  of 

-  11  - 


♦  '* 


a  dependence  of  the  intensity  or  density  of  the  current  on  the  polari¬ 
zation  (Fig.  40),  in  the  form  of  the  dependence  of  the  potential  on  the 
logarithm  of  the  current  intensity  or  density  (Fig.  4l)  or  in  other 
forms . 


Fig.  41.  Potential  as  a  function 
of  the  logarithm  of  the  current 
density  in  the  case  of  concentra¬ 
tion  polarization.  A)  Volt. 

The  above-derived  equations  are  applicable  only  to  non-concentrat- 
ed  solutions.  In  the  case  of  concentrated  solutions  difficulties  arise, 
connected  with  the  fact  that  not  the  concentration  of  the  potential-de¬ 
termining  ions  near  the  electrode  but  their  activity  must  be  substitut¬ 
ed  in  the  formula  for  the  electrode  potential  (46a). 

The  picture  is  even  more  complicated  by  the  circumstance  that  the 
diffusion  coefficient  in  concentrated  solutions  is  no  longer  constant 
but  depends  on  the  concentration.  In  consequence  of  this,  concentration 
polarization  in  concentrated  solutions  cannot  oe  described  accurately 
by  means  of  the  simple  equation  (58). 

§4.  CONCENTRATION  POLARIZATION  DURING  FORMATION  OF  AMALGAMS 

Let  us  examine  the  diffusion  processes  and  the  phenomenon  of  con¬ 
centration  polarization  during  the  discharge  of  metal  ions,  for  exam- 


2 


pie,  of  zinc  i<  ns,  or.  a  n.  iry  rt  ;  'o  t.ie  earlier 

considered  case,  wh<  re  th<  '  chance  I  *  «  1 ver  1  is  merely  resulted 

in  the  formation  of  a  nv  rllvci  jv  >  t  n  a  r  :  lv>  ’•  c  i  ctrode  and  did 
not  alter  its  elcctrocl  '  ’  -  ’  nature,  f  r^r  *  ’  ~r  r  sine  amalgam  takes 

place  when  zinc  ions  ar  •  at.  :n  nr  rvury  cat  hode .  mhe  concen¬ 

tration  of  the  irnl#  n  .  t  a  r  ix  mu  1'  ♦  d!r  ct  vicinity  of  the 
point  of  the  electro  ?  *m*  ca1  :  'act  '  ,  .  near  the  surface  of  tie 

mercury  electrode ,  v;1  1  .  i  ;T  ict  w  l  *  n*  '.'on.  wing  to  the 

presence  of  a  con  'e  r  •  ,  rrad  ■’*>(. t  of  '  r.c  Ir  me r cur  a  process  of 

diffusion  of  zinc  a :  :n .  w  j"J  4  ar  a  ram  into  the  volume 

of  the  mercury  pha.  t  P .  <  t *  •  i .  .ai'ne  the  zinc  con¬ 
centration  in  the  umaigar  .  •  r  i  ’  i  n.  ,  s’;,  ionary  tate 

may  be  established  in  v  hl  }  i  r.  '  \  •  d:  h  trgod  in  unit 

time  is  equal  to  the  quantity  of  tir.c  moving  aw  r,  from  the  surface  of 
the  amalgam  in  consequence  of  tne  diffusioi  . 

The  stationary  slat  of  diffusion  ir  •  •oluti.n  and  amalgam  can  b< 
acnieve  by  •  eatr  rf  tf  dovic*  whist  i  sche*"?1  •  ally  represented  in 
Fig.  42.  The  capillary  tube  c omrnur. :o  t  .. 1  two  large  reservoirs,  of 

which  one  contain-  t  j i*-  mercury  and  th  oil  an  eLectrolyte  solution, 

for  example,  Zr,  ,1  i:ia  ar.  r  c-u  s  -f  impurity  salt.  In  the  capillary 
there  is  a  mvre  rv  meniscus  on  which  the  electrochemical  reaction  of 
the  discharge  of  zinc  ions  tawee  place  uuring  the  passage  of  current. 

On  the  one  hand,  a  diffusion  of  T  c  i  >i.s  towards  the  surface  cf  the 
mercury  meniscus  takes  place  within  the  ca  :  nry  and,  on  the  other,  a 
diffusion  of  zinc  oms  from  the  merit.  the  mercury  reservoir. 

The  potent  i  ,  1  of  i  he  a  .  •  -  ’  .•  do  -  "mined  not  only  by 

the  concentratU  of  the  .  .  a  icir.t  f  nt  s  lution  close  to 

the  electrode  ..urface  t  u’  by  tie  concerurat  i  cn  of  the  zinc  atoms 

in  the  amalgam  at  the  pain  tost  tc  the  amalgam-solution  interface.  If 


s  * 

If 

*  * 


lli: 


I 


we  designate  the  Ion  concentration  In  the  solution  by  the  concen¬ 
tration  of  the  zinc  amalgam  by  and  the  corresponding  concentrations 

close  to  the  electrode  surface  by  o8  and  a ?.,  then  we  have  for  the  amal- 

u  M* 

gam  q  ;  the  electrode 

(59) 

In  order  to  derive  an  equation  for  the  concentration  polarization 
during  the  formation  of  amalgam,  we  must,  as  previously,  connect  the 
concentration  near  the  surface  with  the  density  of  the  polarizing  cur¬ 
rent  . 

The  diffusion  rf  the  zinc  ions  in  the  solution  proceeds  in  accord¬ 
ance  with  the  same  laws  as  in  the  first  example  considered  in  the  fore¬ 
going;  according  to  (53)  and  (56)  the  stationary  ion  concentration  near 
the  surface  is  connected  with  the  current  density  by  the  relation 

The  diffusion  flow  of  the  zinc  in  the  amalgam  depends  on  the  con¬ 
centration  gradient  of  the  zinc  in  the  amalgam.  The  concentration  of 
the  amalgam  near  the  phase  boundary  with  the  solution  is  c the  amal¬ 
gam  concentration  at  the  end  of  the  capillary  is  zero  because  the 


113 


’ v  i  r  of 


r mercury. 


end  of  the  capillary  is  in  cental 
Hence  the  diffusion  f  1  w  t  ly  ;  r  .  ‘  \  :  a  *  he  ana .lp am  cvnoen- 

tratlon  near  the  electrode  surface.  As  previously  pointed  out,  under 
stationary  conditions  the  diffusion  f  1  ow  expressed  in  electrical  units 
is  equal  to  the  density  ol  * r.  harp  u^rc:  t;  ‘  !iu;  the  simple  rela¬ 

tion 


or 


(60) 


r'»  *  n  t  />  1 

exists  between  the  cur  "or. I  dt  n  ity  and  the  stationery  amalgam  concen¬ 
tration  near  the  rur  ’ace,  wi  r  .  '  1  ifi'  c  fficient  of  the 

zinc  in  the  amalgam  and  Z'  the  length  of  the  ar.il iary  section  filled 

with  amalgam. 

By  substituting  t.nese  expressions  for  the  surface  concentrations 
into  the  thermodynamic  formula  (  9),  we  obtain  a:  equation  for  the  po¬ 
tential  of  the  polarized  electrode,  expressed  by  the  current  density 
?:nd  the  limit  current 


PT  ‘it 


t  *- ■%  >" n, -  If »>  V -  +  w '"-r-  «» 

Equation  ( 6 1  is  t.n  eu^a*  ion  for  ti  -  concentration  polarization 
in  presence  of  concentration  variations  in  the  solution  as  well  as 
within  the  meta^li  j  has-  . 

Let  us  consider  the  physical  meaning  f  the  constant  which  enters 
into  Eq .  (61).  It  i  easy  to  see  that  this  constant  is  equal  to  the  po¬ 
tential  at  which  the  polarizing  cur.-'-  J  ns  half  Its  maximum,  i.e., 

at  which  i  =  T-i.  '"his  pouent  f  rru  ns  s  c  will  be  clear’  from 

J  a 

the  following,  1 s  ft  on  te»  red  w  \  ’entiai  and  is  designated  by 

$1/2  >  thus* 


T‘/J"  nF 


RT  .  I,, 


Is 


(Cla) 


«  ► 
«► 


-  l]H  - 


<  ►v 


It  can  be  seen  that  the  half-wave  potential  is  independent  of  the 
initial  concentration  of  the  solution. 

In  order  to  carry  out  a  graphic  analysis  of  Eq.  (6l),  it  is  con¬ 
veniently  rewritten  in  a  slightly  different  form,  solving  it  for  the 
current  density 

j _ U 

(62) 

1  + 1 

Figure  A3  shows  the  curve  representing  the  density  of  the  polariz¬ 
ing  current  as  a  function  of  the  electrode  potential,  corresponding  to 
Eq .  (62).  As  follows  from  this  equation,  the  current  is  small  compared 
with  ij  in  the  potential  region,  in  which  the  difference  <p  —  cp^y }  con¬ 
siderably  exceeds  the  magnitude  of  RT/nF  (we  remember  that  the  numeri¬ 
cal  value  of  RT/F  is  25  millivolts). 

In  the  potential  region  in  which  the  absolute  value  of  the  differ¬ 
ence  <p  -  qpy  is  small,  a  marked  increase  in  the  current  takes  place 
when  the  negative  cathode  potential  is  increased.  With  further  increase 

t 

U 

-w  W'  A 

Fig.  A3.  Current  density  as  a  function  of  the  potential  in  the  case  of 
concentration  polarization  during  the  formation  of  amalgam.  A)  Volt. 

in  the  cathode  polarization  the  quantity  cp  -  assumes  more  negative 

values  and  the  diffusion  current  tends  to  its  maximum.  Every  curve  of 
the  current  density  as  a  function  of  potential  has  the  shape  of  a  wave; 
hence  the  term  half-wave  point  for  th°  point  at  which  i  =  We  find 
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A  iStJ 


Fig.  M.  electrode  potential  ao  a  function  <  1  'g  [  (ia  -  i)/i  ]  in  weal- 

gam  formation,  a'  I  tar....:  r')  log.  .  . 

that  the  curve  is  coi  pletely  .  t,  e»  i  '  *'»l  *h  r-esp  ct  to  the  naif-wave 
point . 

Another  method  of  graphic  repr^sentat lor.  f  ’he  curve  correspond¬ 
ing  to  Eq.  (61)  is  possille  which  is  sometimes  more  convenient  for 
practical  purposes.  If  the  potential  of  the  amalgam  electrode  (or  the 
difference  T  -  ,,  )  i:  plotted  on  the  ordinate  axis  and  lg  (ij  -  i)/i 

on  the  abscissa  axis,  a  straight  line  is  obtai  -a  with  a  slope  coeffi¬ 
cient  of  ? .  3  *  RT/nF  '"-’lg.  ^A).  By  laying  . ff  the  experimental  points 
on  this  grai  h  it  -  ! .  >  ,  in  parti  ’alar,  tc  determine  the  valency 

of  t ne  meta1  wl  Lcr.  is  disco  :  g> ?d  with  formation  of  amalgam. 

53.  EFFECT  OF  THE  ELECTRIC  FIE  LI'  ON  THE  LIMIT  CURRENT 

In  the  abeve-o 1 scussed  examples  of  electrolysis  with  concentration 
polarization  we  have  eliminated  the  ef  the  electric  field  on  the 

movement  of  tne  d  ‘charging  ions  by  <  j  :i;  -  to  the  solution  an  excess  of 
a  foreign  electrolyte.  Let  u.-  now  ■  ^alnc  In  wh.at  manner  the  conditions 
cf  supply  of  th-  substar.s  -e  mod  I  flea  w.Ler  in  addition  *o  the  concen¬ 
tration  gradient  in  tne  s  iution  an  electric  field  is  also  acting  and 
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tow  the  limit  current  varies  In  this  case. 


Let  the  silver  electrode  to  be  studied,  as  in  the  first  example, 
be  in  a  thin  capillary  filled  with  silver  nitrate  solution,  but  this 
time  not  containing  any  potassium  nitrate.  After  switching  on  of  the 
current  the  concentration  of  silver  ions  near  the  cathode  begins  to 
decrease;  the  concentration  of  the  NO.^  ions  which  are  carried  out  of 
the  capillary  by  the  current  decreases  at  the  same  time.  Because  for¬ 
eign  cations  are  not  present  in  the  solution,  the  concentrations  of 
Ag+  and  NO^  remain  equal,  i.e.,  at  any  point  of  the  solution  outside 
the  double  layer,  by  virtue  of  electrical  neutrality,  the  concentra¬ 
tions  of  the  positive  and  negative  ions  must  be  the  same  (in  the  case 
of  ions  with  the  same  valency).  Some  time  after  the  switching  on  of  the 
current  a  stationary  state  is  attained  in  which  the  ion  concentration 
at  any  point  of  the  solution  no  longer  changes  with  time.  Because  the 
NO^  ions  are  not  discharged  at  the  surface  of  the  silver  cathode  the 
constancy  of  their  concentration  means  that  they  move  neither  to  the 
cathode  nor  to  the  anode  in  the  solution,  i.e.,  that  the  sum  of  forces 
acting  on  these  ions  is  zero. 

I  _ 

Let  us  consider  what  forces  act  in  the  solution  on  the  NO^  ions. 
The  first  force  which  causes  the  diffusion  of  the  ions  and  which  arise 
in  presence  of  a  concentration  difference  of  the  ions  in  the  solution, 
is  determined  by  the  osmotic  pressure  gradient  3P/3x;  the  average  fore- 
acting  on  a  single  ion  is 


—  cN  dt 

where  cN  is  the  number  of  ions  in  unit 
ber).  Under  the  action  of  this  osmotic 
ions,  are  directed  towards  the  cathode 
The  second  force  acting  on  the  ion 


(63) 

volume  (N  is  the  Avogadro  num- 
force  the  NO^  ions,  like  the  Ag 
surface . 

in  solution  and  due  to  the 


+ 


-  H7  - 


*  % 


electric  field,  Is 


,  r/: 

where  E  Is  the  inter;:-.  Jly  ft  1*  ct  rlc  1  i  .li¬ 
the  charge  of  th*  univalent  1  n. 

The  force  of  U  e]  fj  j  <.•  nit 

towards  the  anode,  1.  ,  ire  1 t « •  1 y  ♦ 

force . 

Because  In  the  tat:  .  i  st  '  1  >sr..oti 

acting  cn  chr  1  *  -  «  .  p.  c..,;nj_,ensat  Ing , 

/.  V 

i  •  e  .  , 

1  dr  i 

cX  C» 

On  the  basis  o:  ti  lo  nation  <  t  i.  i 
movement  of  the  cations  takes  place.  The  o:  m  t 
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post-  d  (P'ig.  ll^)  .  By  virtue  of  t  he  relation  (65)  the  total  force  acting 
n  the  cations  is  twice  the  osmotic  pressure.  Thus  the  velocity  of  the 
lver  ions  will  he  twice  as  -reat  as  the  velocity  which  they  would 
ave  if  the  osmi  tic  f -rce  alone  were  acting.  In  other  words,  in  the 
ase  under  consi derat  ion  here,  owing  to  the  effect  of  the  electric 
Held  in  the  solution,  the  limit  current  is  doubled  as  compared  with 
the  limit  current,  passing  through  the  system  in  presence  of  an  excess 
>V  foreign  electrolytes  in  the  solution  as  was  shown  by  Eucken  [3]* 

We  must  point  out  that  the  doubling  of  the  limit  current  takes 
place  only  when  the  cations  and  anions  have  the  same  valency.  In  other 
cases  other  numerical  relations  are  obtained  but  the  physical  nature  of 
the  observed  phenomena  Is  not  altered. 

We  can  arrive  at  the  same  result  by  another  pathway,  by  consider¬ 
ing,  not  the  forces  acting  on  the  anions  and  cations  separately,  but 
the  total  velocity  of  the  ions  under  the  action  of  these  forces .  This 
treatment  is  more  general  and  is  used  for  the  *  xamination  of  these  phe¬ 
nomena  in  more  complex  cases.  Let  us  consider  the  motion  of  an  a.  ion, 
taking  place  under  the  Influence  of  two  factors:  diffusion  under  the 
Influence  of  osmotic  forces  and  migration  under  the  action  of  the  ele~ 
trie  field.  The  magnitude  of  the  diffusion  flow,  i.e.,  the  number  o^ 
anions,  diffusing  in  unit  time  through  unit  cross  section,  is 
Up  ^ 9  CA  ^  ’  w^ere  the  diffusion  coefficient  of  the  anions.  The 

velocity  of  the  anions  under  the  influence  of  the  electric  field  inten- 

0  0 

slty  E  is  ,  where  U  ^  is  the  so-called  absolute  anion  mobility, 

i.e.,  their  speed  acquired  in  an  electric  field  whose  intensity  is  1 
v^m.  The  number  of  onions  passing  through  unit  cross  section  in  uni 
time  under  tne  Influence  of  the  electrical  force  is  obviously  a ^ U^E 
(i.e.,  equal  to  the  number  of  moles  f  ions  contained  in  a  cylinder 
with  a  cross  section  of  1  cm  and  a  iength  num  rically  equal  to  . 

-  ]  - 
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Under  stationary  conditions  the  anion  concentration  at  any  point  of  our 
system  does  not  change,  i.e.,  the  number  of  anions  moving  under  the  in¬ 
fluence  of  the  two  factors  to  either  side  is  mutually  compensated.  From 

this  follows 


(66) 

In  the  case  of  the  cations  the  ion  flow  moving  under  the  influence 
of  the  osmotic  and  electrical  forces  has  4  he  same  direction.  The  total 
magnitude  of  this  flow  expressed  in  electrical  units,  i.e.,  the  current 
density,  passing  through  our  system,  is  obviously 

'•f.OK-ff-H.V.'ifi).  (67) 

Let  us  examine  the  equations  (66)  and  (67).  In  the  case  under  in¬ 
vestigation  of  an  electrolyte  with  ions  of  equa  valency  the  cation  and 
anion  concentration  at  any  point  in  the  solution  are  equal,  i.e.,  o, ,= 

*  <?,.  In  addition  to  the  concentrations,  the  nobilities  and  diffusion 

coefficients  of  the  anions  and  cations  enter  into  these  equations.  The 

« 

mobilities  and  diffusion  coefficients  should  evidently  be  proportional 
because  both  quantities  depend  on  the  resistance  which  tne  solution  of¬ 
fers  to  the  motion  of  a  given  ion  The  connection  between  these  quanti¬ 
ties  is  expressed  by  the  following  formula  [*!]*: 

(68) 


Substituting  (58)  in 


Kqs.  \^S)  and  (67)  we  find 


pi 

F 


dc 

rl< 


—  cE  -0. 


l-FW*  (~TT^c£)' 


(69) 

(70) 


where  e  *  *  c 

From  this  we  find  the  final  expression  for  the  current  density: 

i.e.,  we  have  arrived,  as  previously,  at  the  conclusion  that  under  the 
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influence  of  the  electric  field  tl  a  current  is  doubled  compared  with 
the  diffusion  current. 


§6.  OHMIC  POTENTIAL  DROP  IN  THE  DIFFUSION  LAYER 

In  the  above-considered  case  of  concentration  polarization  in  the 
absence  of  an  excess  of  an  indifferent  electrolyte  in  the  solution  dur¬ 
ing  the  passage  of  current  a  certain  potential  drop  occurs.  Let  us  at¬ 
tempt  to  derive  the  relations  for  the  potential  difference  qpn  —  at 
the  ends  of  the  layer  of  the  solution,  in  which  the  alteration  of  the 
electrolyte  concentration  is  concentrated;  in  our  example,  this  layer 
will  be  the  part  of  the  solution  between  a  point  close  to  the  electrode 
surface  and  the  end  of  the  capillary  which  is  in  contact  with  the  solu¬ 
tion  in  the  larger  cross  section  of  the  device. 

To  this  end  we  divide  both  parts  of  Eq.  (69)  by  c  and  integrate 
ever  the  entire  length  of  the  capillary,  i.e.,  from  x  =  0  to  x  =  l 

(72) 

The  left  part,  the  Integral  of  the  electric  field  intensity  over 
the  path,  is  simply  the  potential  difference  qp^  -  <Pq. 

It  follows  from  this  that  the  sought-for  potential  difference  Aq- 
between  a  point  near  the  electrode  surface  and  the  end  of  the  capillary 
is 


i  nFD(<+-  t«) 
%  % 


(72a) 


The  quantity  A  cpom  is  evidently  negative  because  the  current  flows 
from  the  solution  to  the  electrode. 

Equation  (72a)  can  be  obtained  directly  by  applying  to  the  anion 
of  the  electrolyte  the  Boltzmann  formula.  Because  the  anions  are  immo¬ 
bile^  we  have 
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ca-ca  •  <r>>‘  (73) 

(comp.  Eq.  (5a)).  Because  -  e°  ana  =  c  Eq .  (72a)  Is  obtained  di¬ 
rectly  from  Eq.  (73). 

The  passage  of  current  ir.  an  electrochemical  system,  due  to  con¬ 
centration  changes,  thus  causes  not  only  a  certain  shift  of  the  elec¬ 
trode  potential,  termed  concentration  polarization,  but  also  a  certain 
potential  drop  in  the  diffusion  layer  cf  the  solution  near  the  elec¬ 
trode  which  in  the  case  of  equal  valency  of  the  cation  and  anion  is 
equal  to  the  concentration  polarization.  This  circumstance  must  be  giv¬ 
en  special  attention  because  the  textbooks  on  electrochemistry  normally 
do  not  take  it  into  account,  and  in  th  *-  literature  it  Is  often  incor¬ 
rectly  described. 

It  would  be  of  interest  to  return  to  the  case  of  concentration  po¬ 
larization  Jn  presence  of  an  excess  of  indifferent  electrolyte  in  the 
solution  and  to  calculate  the  ohmic  potential  drop  for  this  case.  The 
Ohm  law  is  conveniently  used  for  this  calculation.  The  density  of  the 
diffusion  current  according  to  Formula  (52)  is  equal  to  i  =  nFD(c°  - 
—  ae  )/l.  In  oraer  to  find  the  potential  dro''  at  the  ends  of  a  capillary 
with  length  l  we  mus  divide  the  current  density  by  the  electrical  con¬ 
ductivity  of  the  solution  and  multiply  by  the  length* 

RT  c‘ 

A?™  =  =-7-  I n-pr-  (7^  ) 

The  specific  electrical  conductivity  of  a  solution,  as  we  know, 
can  be  expressed  by  the  concentration,  mobility  and  valency  of  the  ions 
in  the  solution 

x^F^riiCiUi  (75) 

t 

where  the  summation  is  carried  out  for  all  ions.  Substituting  into  Eq. 
(7*0  the  value  <  and  replacing  D  by  RT/nF'Ul  ,  we  obtain: 
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(76) 


RT  U*(c* — c') 

F  *  yntoU* 

An  the  numerator  of  this  expression  figures  the  absolute  mobility 
and  concentration  of  the  discharging  ion,  and  as  denominator  the  abso¬ 
lute  mobilities  and  concentrations  of  all  ions  in  the  solution.  In 
presence  of  a  large  excess  of  foreign  electrolyte  the  ohmic  potential 
urop  in  the  diffusion  layer  can  consequently  be  reduced  as  much  as  de¬ 
sired.  Thus,  for  example,  with  a  tenfold  excess  of  foreign  electrolyte, 
in  which  the  ion  mobilities  are  close  to  the  mobilities  of  the  dis¬ 
charging  electrolyte,  the  ohmic  potential  drop  is  of  the  order  of  mil- 
ivolts.  If  the  concentration  of  the  foreign  electrolyte  is  small  com¬ 
pared  with  the  concentration  of  the  basic  electrolyte,  the  variation  of 
the  electrical  conductivity  because  of  the  decrease  in  the  total  icn 
concentration  near  the  electrode  surface  must  be  taken  into  account 
v;  ri  calculating  the  quantity  qp^  -  by  the  above  method.  In  absence 
a  foreign  electrolyte  an  accurate  calculation  of  the  ion  concentra- 
m  and  electrical  conductivity  variation  of  the  solution  leads  to  a 
cinula  which  is  Identical  with  Formula  (73)  derived  earlier  on  the  ba- 
s  of  other  considerations,  if  the  potential  drop  caused  by  the  dif- 
rence  in  ion  mobility  is  also  taken  into  account  (see  footnote,  page 
2). 


I .  THE  HOLE  OF  MIXING  IN  DIFFUSION  PROCESSES 

As  has  been  evident  from  the  preceding  sections,  the  intensity  of 
•e  electric  current,  which  can  be  passed  through  a  quiescent  solution, 
es  not  exceed  a  certain  limit  value.  The  latter  is  relatively  small 
cause  in  absence  of  any  motion  of  the  Liquid  the  charge  transfer  is 
brought  about  only  by  the  diffusion  and  ion  migration  processes,  whose 
rate  is  low. 
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In  practical  electrolysis  one  often  tries  to  use  greater  current 
intensities,  and  for  this  purpose  the  electrolysis  i3  carried  out  not 
in  a  quiescent  solution  but  with  intense  stirring.  Strictly  speaking, 
without  special  precautions  it  is  impossible  to  carry  out  electrolysis 
in  a  completely  quiescent  ilauid,  because  ever  in  the  absence  of  arti¬ 
ficial  mixing  there  is  always  some  movement  of  the  liquid  during  the 
passage  of  current  due  to  unequal  heating,  concentration  changes  and, 
consequently,  a  different  density  of  the  solution  at  different  points 
and  also  gas  evolution  ,t  the  electrodes  and  other  causes.  Such  natural 
mixing  greatly  increases  the  possible  values  of  the  limit  current  in¬ 
tensity.  By  means  of  artificial  mixing  (for  example,  a  special  stirrer) 
the  rate  at  which  the  reactants  are  supplied  to  the  electrode  surface 
can  be  considerably  increased  and  thus  the  intensity  of  the  current 
flowing  through  the  system. 

In  this  connection  arises  the  problem  of  establishing  the  diffu¬ 
sion  laws  in  a  moving  liquid,  i.e.,  the  laws  of  convection  diffusion. 

To  solve  this  problem,  equation?  of  motion  must  be  written  which  take 
into  account  the  transfer  of  the  dissolved  substance  by  the  moving 
liquid  as  well  as  the  rovement  of  the  dissolved  substance  relative  to 
the  liquid,  However,  if  the  problem  is  stated  in  such  a  general  form, 
a  complex  sy:  tern  of  mathematical  relations  is  obtained  which  does  not 
immediately  yield  tangible  results.  For  this  reason  the  interesting 
and  practically  very  Important  problem  of  convective  diffusion  has  for 
a  long  time  oeen  solved  only  in  a  coarsely  approximate  fashion.  Only 
in  recent  years  has  it  been  possible  to  ae  -ieve  some  successes  on  the 
way  to  its  exact  solution. 

When  solving  any  problem  on  convective  diffusion  it  is  essential 
first  to  investigate  the  nature  of  the  motion  of  the  liquid  relative 
to  the  solid  electrode  on  w  ich  tne  electrochemical  reaction  of  dis- 
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charge  or  ionization  takes  place  and  to  establish  the  law  of  the  veloc¬ 
ity  distribution  of  the  liquid  at  different  distances  from  the  elec¬ 
trode  surface. 

It  is  known  from  physics  that  a  layer  of  liquid  directly  adjacent 
to  the  surface  of  a  solid  does  not  move  relative  to  this  body,  This 
conclusion,  which  is  by  no  means  self-evident,  follows,  for  example, 
from  the  fact  that  the  determination  of  the  viscosity  of  liquids  by 
means  of  the  capillary  viscosimeter  gives  values  which  are  independent 
of  the  nature  of  the  capillary  walls.  If  the  fluid  were  sliding  rela¬ 
tive  to  the  capillary  walls,  different  velocities  would  be  found  de¬ 
pending  on  the  material  used  for  the  capillary  and,  consequently,  dif¬ 
ferent  values  for  the  viscosity  coefficient.* 

It  follows  that  a  solid,  present  in  a  fluid  flow,  exerts  an  im¬ 
portant  influence  on  the  nature  of  movement  of  the  fluid  and  causes  a 
variation  of  its  velocity.  The  braking  effect  of  the  solid,  however, 
extends  only  to  a  limited  distance  from  the  surface  into  the  depth  of 
the  moving  fluid;  beyond  the  limits  of  this  distance  the  solid  does  not 
affect  the  velocity  distribution  in  the  fluid.  Between  the  surface  of 
a  oolid  close  to  which  the  relative  velocity  of  the  fluid  is  zero  and  a 
po  nt  at  a  great  distance  from  it  the  velocity  of  the  moving  fluid  var¬ 
ies  in  accordance  with  a  certain  general  law.  This  braking  effect  j.s 
d<  ermined  only  by  the  geometrical  configuration  and  macroscopic  state 
of  the  surface  but  does  not  depend  on  the  nature  of  the  solid. 

The  problem  concerning  the  effect  of  mixing  on  the  diffusion  cur¬ 
rent  has  been  investigated  by  Nernst  [5].  According  to  the  theory  de¬ 
veloped  by  him,  diffusion  takes  place  in  a  certain  layer  at  the  elec¬ 
trode  surface  whose  thickness  is  designated  by  6.  Within  this  diffusion 
layer  diffusion  takes  place  as  if  liquid  motion  were  entirely  absent. 

At  the  boundary  of  this  diffusion  layer,  owing  to  the  mixing,  the  inl- 
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tial  concentration  of  the  reactants  is  p  rmanently  maintained.  This 
corresponds  to  the  simplest  pattern  of  velocity  distribution:  inside 
the  diffusion  layer  the  velocity  of  the  liquid  is  zero  and  at  its 
boundary  it  Increases  suddenly  to  some  large  value  (Fig.  *<6).  The  dif¬ 
fusion  rate  of  the  substance  ’oncting  at  the  electrode  surface  under 
these  assumptions  is  determined  by  the  laws  of  diffusion  in  a  quiescent 
liquid;  in  other  words,  the  current  density,  according  to  the  Nernst 
theory,  is 

i-a££Sf=£i.  (77) 

The  Nernst  thecrv  has  the  advantage  cf  great  simplicity  and  clear¬ 
ness  but  it  has  the  great  deficiency  that  it  operates  with  the  diffu¬ 
sion  layer  thickness  6  which  cannot  be  calculated  theoretically  and 
whose  physical  meaning  is  not  clear. 

Nernst  and  his  co-workers  and  als^  other 
authors  have  carried  out  a  number  cf  investiga¬ 
tions  on  the  basis  of  which  conclusions  concern¬ 
ing  the  magnitude  of  6  were  obtained.  In  particu¬ 
lar,  they  have  shown  that  this  quantity  cannot  be 
regarded  as  a  constant,  but  that  for  an  electrode 
of  given  shape  It  varies  with  variation  of  the 
velocity  of  motion  of  the  liquid.  It  was  found 
[6]  that  for  an  electrode  in  the  form  of  a  rotat¬ 
ing  disc  the  thickness  of  the  diffusion  layer  is 
connected  with  the  angular  velocity  of  rotation 
u)  by  the  following  relation: 

(78) 


Fig.  ^6.  Velocity 
(u)  and  concentra¬ 
tion  (c)  distribu¬ 
tion  of  a  dis¬ 
charging  substance 
in  the  diffusion 
laver  according  to 
the  Nernst  theory. 


6  = 


roml 


where  n  =  0.6. 

Nernst  assumed  that  the  thickness  <5  depends  only  on  the  rate  of 
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mixing  and  that  other  factors  do  not  affect  it.  In  particular,  he  as¬ 
sumed  that  under  given  conditions  of  motion  6  is  a  constant  quantity, 
which  is  independent  of  the  nature  of  the  diffusing  substance. 

Knowing  the  magnitude  of  the  limit  current  and  the  concentration 

of  the  discharging  substance,  it  is  possible,  on  the  basis  of  Eq.  (77) 

to  compute  the  thickness  of  the  diffusion  layer.  This  calculation  shows 

that  depending  on  the  rate  of  mixing  this  thickness  is  of  the  order  of 
—2  —3  —1 

10  -10  J  cm.  A  thickness  of  10  J  cm  corresponds  to  tens  of  thousands 
of  molecular  layers.  A  layer  of  such  thickness  cannot  be  maintained  by 
molecular  forces  on  the  electrode  surface  in  an  immobile  condition, 
i.e.,  the  liquid  in  the  diffusion  layer  cannot  remain  immobile.  This  is 
the  physical  deficiency  of  the  Nernst  theory. 

An  attempt  to  circumvent  the  difficulties,  connected  with  the  con¬ 
cept  of  a  quiescent  diffusion  layer,  has  been  made  by  Eucken  [7],  who 
pointed  out  the  necessity  of  considering  the  conditions  of  liquid  mo¬ 
tion  in  the  diffusion  zone  of  the  dissolved  substance.  However,  the 
oeory  of  Eucken  is  too  general  and  has  been  worked  out  only  for  cer- 
lin  partial  cases.  In  addition,  it  contains  certain  mathematical  er¬ 
rors  and  incorrect  assumptions  [8]. 

8.  THEORY  OP  CONVECTIVE  DIFFUSION 

Comparatively  recently  V.G.  Levich  worked  out  a  theory  of  diffu- 
ion  and  concentration  polarization  in  a  moving  liquid  [8,  9],  which 
takes  the  conditions  of  motion  of  the  liquid  in  the  diffusion  layer  in¬ 
to  account  in  a  fairly  rigorous  mathematical  form;  this  theory  is  un- 
oubtedly  the  first  physically  and  mathematically  acceptable  solution 
of  the  above-formulated  problem. 

In  order  to  explain  the  basic  concepts  of  the  theory  of  Levich  let 
us  consider  as  an  example  an  electrode  in  the  form  of  a  plate  along 
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which  a  flow  of  liquid  takes  place.  As  pointed  out  in  the  foregoing, 
close  to  the  surface  of  the  pate  the  velocity  of  the  liquid  is  zero; 
at  a  certain  distance  from  the  plate  the  liquid  moves  with  the  initial 
velocity  of  the  flow  which  we  shall  designate  by  u  .  As  the  hydrodynam¬ 
ic  theory,  developed  by  Praiv".*  3  TiO]  shows,  a  gradual  Increase  in  the 
velocity  taker,  place  within  a  certain  layer  from  zero  at  the  surface  of 
the  solid  to  the  velocity  u(  at  a  large  distance.  The  velocity  distri¬ 
bution  of  the  liquid  flow  as  a  function  of  distance  Is  shown  in  Fig.  ^7 
by  arrows.  The  layer  'thin  which  the  uniform  motion  of  the  flow  is  up¬ 
set  is  termed  in  hydrodynamics  the  Prandt1  boundary  layer;  its  thick¬ 


ness  we  shall  deslgna 


it.  the  11  owing  by 


Fig.  47.  Velocity  dis¬ 
tribution  of  the  liquid 
flow  near  a  solid  sur¬ 
face.  a)  gr. 


Fig.  48.  Distribution 
of  the  boundary  layer 
thickness  along  the 
surface  of  a  plate  irn- 
ersed  in  a  liquid  flow, 
a?  gr. 


Hydrody  lanic  theory  chows  that  the  thickness  of  the  boundary  layer 
5gr  depends  .  n  ‘  h  speed  uQ  of  motion  of  the  flow  relative  to  the  solid 
and  on  the  kinematic.  viscosJ  ty  v  of  the  1  iquid  (the  kinematic  viscosity 
is  equal  to  the  ratio  of  the  viscosity  of  the  liquid  to  its  density). 
Moreover,  for  the  above-given  example  o’  a  flat  electrode,  placed  in  a 
liquid  flow,  the  thickness  of  the  boundary  layer  is  not  constant  for 
all  points  of  the  electrode  surface  but  depends  on  the  distance  of  the 
point  concerned  from  the  point  of  impact  of  the  flov:  (Fig.  48).  In  pro¬ 
portion  to  the  increase  in  t  .is  distance  x  the  thickness  of  the  bound- 
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ary  layer  increases.  The  theory  gives  the  relation 

(79) 

It  must  be  emphasized  that  the  hydrodynamic  boundary  layer  is 
formed  under  conditions  of  an  external  flow  around  the  body  at  Reynolds 
numbers  which  are  large  compared  to  unity.  The  Reynolds  number  Re  is 
the  dimensionless  ratio  u0T/ot  where  l  is  the  characteristic  dimension 
of  the  body,  for  example,  the  length  of  a  flat  electrode  in  a  liquid 
flow.  In  flow  inside  a  tube  the  boundary  layer  forms  at  the  orifice  and 
increases  in  accordance  with  the  law  (79)  until  it  fills  the  entire 

*  '*  m- 

tube.  At  very  large  Reynolds  numbers  (for  example  on  a  plate  with  Re  > 

>  10  )  so-called  turbulent  flow  occurs,  i.e.,  markedly  nonstationary 
vertical  flow  of  the  liquid  with  typical  irregular  pulsating  velocity 
variations  in  space  and  time.  Under  conditions  of  turbulent  flow  the 
cbove-given  simple  theory  can  be  subject  to  important  modifications. 

To  solve  the  diffusion  problem  we  should  take  an  interest  not  only 
in  the  velocity  distribution  of  the  liquid  near  the  solid  plate  but  cl- 
in  the  distribution  of  the  concentrations  of  the  substance  which  is 
discharged  at  the  electrode  surface,  because  knowing  this  distribution, 
we  can  derive  conclusions  concerning  the  laws  of  the  diffusion  proses  . 

It  would  seem  that  we  can  equate  the  Prandtl  boundary  layer  with 
the  Nernst  diffusion  layer  and  assume  that  the  initial  concentration  of 
the  diffusing  substance  is  maintained  at  the  boundary  of  this  layer 
while  within  the  layer  the  concentration  gradually  decreases  to  zero 
oncentration  at  the  electrode  surface  (In  presence  of  limit  current). 
This  concept  is  Incorrect,  however.  As  the  theory,  developed  by  Levich, 
shows,  the  thickness  of  the  layer  in  which  the  variation  of  the  concen¬ 
tration  of  the  diffusing  substance  takes  place  is  considerably  less 
than  the  thienness  of  the  layer,  in  which  the  velocity  of  the  liquid 


motion  varies,  although  there  Is  also  a  atrial  analogy  between  these 
layers.  The  coincidence  or  noncoincidence  of  the  thicknesses  of  these 
two  layers  depends  on  the  ratio  between  the  quantities  which  character¬ 
ize  the  corresponding  process  of  the  mo*  ntum  transfer  and  the  diffu¬ 
sion  process,  i.e.,  the  tranuf  ’  of  matter. 


A 


Fig.  JI9.  Thickness  (6  )  of  the 

s  * 

boundary  layer  and  thickness  (6) 
of  the  diffusion  layer. 

The  momentum  transfer  between  liquid  layers,  moving  with  different 
velocities,  depends  on  the  force  of  the  internal  friction  anu  is  Jeter- 
nined  by  the  kinematic  viscosity  of  the  liquid.  Analogously,  the  proc¬ 
ess  of  transfer  of  substance  betv/een  layers  of  a  solution  with  differ¬ 
ent  concentration  depends  on  the  diffusion  coefficient  of  the  solute. 

Ir.  aqueous  s  lutions  the  diffusion  coefficient  of  dissolved  molecules 

p  _] 

or  ions  is  of  the  order  of  10  cm  -sec  ,  the  kinematic  viscosity 

which  is  expressed  in  the  sane  units  assumes  values  of  the  order  of 
— P  p  —l 

10  err.  •  sec  ,  i.e.,  there  is  a  great  -^rical  difference  between 
these  quantities.  This  signifies  that  ?  much  larger  gradient,  i.e.,  a 
much  mere  marked  variation  of  concentre  ion  as  a  function  of  distance 
is  required  for  the  transfer  of  matter  via  diffusion,  .han  for  the  mo¬ 
mentum  transfer  .n  presence  of  a  velocity  gradient.  In  consequence  of 
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this  the  concent. ration  disturbances  are  propagated  in  a  much  thinner 

layer  than  the  disturbances  of'  the  velocity  of  motion  in  a  liquid  flow. 

The  layer  in  which  an  impoverishment  of  the  solution  takes  place  is 

thus  thinner  than  the  Prandtl  boundary  layer  (Fig.  ^9). 

Mathematical  calculation  shows  that  the  following  relation  exists 

between  the  thickness  6  of  the  diffusion  layer  and  the  thickness  6  of 

gr 

the  boundary  layer: 

£- (")'"■  (80) 

For  aqueous  solutions,  in  which,  as  previously  pointed  out,  D  and 

_ 5  2  —1 

v  are  of  the  order  of  10  and  10  cm  *sec  ,  the  thickness  of  the 
diffusion  layer  is  approximately  one-tenth  the  thickness  of  the  bound¬ 
ary  layer. 

By  comparing  Eqs.  (79)  and  (80)  we  find  for  the  thickness  of  the 
diffusion  layer 

( Si ) 

Knowing  the  thickness  of  the  diffusion  layer,  we  can  calculate  the 
urrent  density  down  to  the  electrode  surface  by  means  of  the  basic 
'ormulas  of  diffusion  kinetics: 


*  x 


i 


(82) 


cud 


nFDc • 
b 


(82a) 


In  the  above-considered  theory.  Formula  (82),  however,  differs  in 
its  signif icance  considerably  from  the  corresponding  formula  in  the 
theory  of  Nernst  (77)  because  the  thickness  6  which  figures  in  the  de¬ 
nominator  of  the  right  part  of  Eq .  (82)  is  not  the  thickness  of  the  im- 
nobile  layer;  on  the  contrary,  a  gradual  increase  in  the  velocity  of 
the  liquid  flow  takes  place  in  this  layer.* 

The  second  important  difference  compared  with  the  Nernst  theory 
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consists  in  the  l'act  the  quantity  o  depends  not  only  on  the  velocity  of 
motion  (stirring)  of  the  liquid,  but  also  on  the  diffusion  coeificicnt 
of  the  discharging  substance.  It  follows  that  under  identical  geometri¬ 
cal  and  hydrodynamic  conditions,  the  quantity  <s  is  not  constant  but  de¬ 
pends  on  the  nature  of  the  particles  reacting  at  the  electrode  surface. 
A  substance  which  has  a  larger  diffusion  coefficient  can  diffuse  to  the 
electrode  surface  froii  a  greater  depth,  i.  the  thickness  of  its  dif¬ 
fusion  layer  is  greater  than  for  a  substance  with  a  smaller  diffusion 
coefficient.  From  t  :s  follows  the  interesting  consequence  that  the 
density  of  the  diffusion  current  is  nor  linearly  proportional  to  the 
diffusion  coefficient  as  this  was  the  c  r  in  the  earlier  considered 
cases  of  diffusion  in  a  quiescent  liquid  an i  as  Nernst  also  assumed  for 
diffusion  in  a  moving  liquid,  but  is  props  rt  imal  to  the  2/3  power  of 
the  diffusion  coefficient : 

i  ^  nFD*i*  ul*  v- * /« .v - •/*  (cr'  -  c", .  (83) 

True,  the  difference  in  the  diffusion  current  as  a  function  ol  the 

diffusion  coefficient  (according  to  the  Nernst  theory  i  D,  according 

2/3 

to  the  theory  of  levich  i  ~  D  )  is  not  of  &r<  at  practical  Importance, 
because  the  diffusion  oefficlents  of  different  substances  vary  within 
'alely  narrow  limits.  How  ver,  this  difference  is  nonetheless  important 
in  principle  because  it  shows  that  we  are  aealing  with  two  different 
diffusion  patie  -ns.  Whilst  the  N’ernst  theory  assumed  that  the  quantity 
<5  is  given  by  the  velocity  distribution  in  the  liquid,  tills  quantity 
is  determined  in  the  modern  theory  by  the  diffusion  process  itself. 

This  difference  becomes  even  clearer  when  wc  consider  more  complex  cas¬ 
es  of  convective  diffusion  bu  we  cannot  dwell  on  this  here. 

The  most  important  difference  between  the  two  theories  consists  in 
the  fact  tnat  the  quantity  i  in  the  theory  of  Levich  is  not  introduced 
as  an  arbitrary  constant  as  this  was  the  case  in  the  N’ernst  theory,  but 
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assumes  a  defined  physical  meaning. 


§9.  ROTATING  DISC  ELECTRODE 

We  have  discussed  in  greater  detail  the  case  of  an  electrode  in 
the  form  of  a  thin  plate  immersed  in  a  liquid  flow,  primarily  because 
the  nature  of  the  liquid  motion  can  he  clearly  observed  on  it.  In  the 
following  we  shall  consider  the  case  of  an  electrode  in  the  form  of  a 
rotating  disc.  An  electrode  with  this  shape  is  frequently  used  in  elec¬ 
trolysis  . 

When  the  disc  electrode  rotates  rapidly 
around  an  axis  attached  perpendicularly  to 
the  plane  of  the  disc  at  its  center,  the 
liquid  in  contact  with  the  central  parts  of 
the  disc  is  thrown  off  towards  its  edges  by 
centrifugal  force.  In  consequence  of  this, 
a  negative  pressure  is  created  around  the 
center  of  the  disc  and  the  liquid  flow  is 
directed  from  the  volume  of  the  solution  to¬ 
wards  the  center  of  the  disc.  The  lines  of 
movement  of  the  llauid  flow  have  the  form 


1 
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> 
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Fig.  50.  Motion  of  the 
liquid  near  a  rotating 
disc  electrode. 


shown  in  Fig.  50.  If  it  is  considered  that  the  flow  of  the  solution 
from  the  volume  impinges  on  the  center  of  the  disc,  the  thickness  of 
the  boundary  layer  must  Increase  in  propcrti  >n  to  the  distance  towards 
the  edges  of  the  disc.  On  the  other  hand,  in  proportion  to  the  approach 
to  the  disc  edges  the  linear  velocity  of  motion  of  a  point  on  the  disc 
Increases,  in  consequence  of  which  this  thickness  should  decrease.  It 
is  readily  seen  from  the  relation  (79)  that  these  two  influences  are 
mutually  compensating.  In  reality  the  Increase  in  the  thickness  6 
takes  place  In  proportion  to  the  square  root  of  the  distance  from  the 
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point  of  impact,  4  ,  in  to'.1  cue  the  r  /re  root  the  radius .  The 

linear  velocity  of  the  motion  of  a  point  on  the  dire  is  proportional  to 
the  radius,  and  the  thickness  6^r  is  Inversely  proportional  to  the  root 
of  the  linear  velocity.  The  net  result  is  that  the  thickness  of  the 
Prandtl  boundary  layer  is  the  ^ for  11  points  on  the  surface  of  the 
rotating  disc.  For  this  reason  the  hydrodynamic  problem  is  simplified 
and  the  diffusion  problem  can  be  finally  re  .-olvea  for  this  case. 

The  first  conclusion  whicr  cun  be  made  is  tnai  the  diffusion  lay¬ 
er,  like  the  b#i:nd?'  v^r,  has  the  same  thickness  for  all  points  on 
the  surface  of  the  rotating  disc.  In  consequence  of  this  the  current 
density  is  also  the  same  at  all  .  oir.t  Tf  c-oms  metal,  for  example, 
copper,  is  deposited  on  a  rotating  disc  lactrode,  it  covers  the  entire 
surface  of  the  disc  with  a  uniform  layer  whose  thickness  is  the  sarr'  at 
the  edges  and  the  center. 

Calculation  gives  for  the  thickness  of  the  diffusion  layer  on  a 
rotating  disc  electrode: 

|,G2 (8 H) 

where  u>  is  the  angular  velocity  of  rotation  'l.o.,  the  number  of  revo¬ 
lutions  per  second,  multiplied  by  2  it).  Us  in  ;  this  expression,  we  find 
for  the  current  density 

;  =  0,02  n FDWu'i*  *-•/*  ( c°-  c* ),  (  85  ) 

As  previously  pointed  out,  it  has  long  ago  [7]  been  found  experi¬ 
mentally  that  tiie  diffusion  current  of  the  rotating  disc  electrode  is 
approximately  proportional  to  .  The  si 1  *ht  deviation  between  the 

exponent  0.6,  found  experimentally,  an  5  d  exponent  0.5,  required  by 
theory,  is  due  to  the  fact  that  the  precautions  were  not  taken  in  the 
experiments  to  exclude  the  formation  of  vortices.  If  such  j.  recautionary 
measures  are  taken,  an  exponent  0.5  is  indeed  found  the  experiment. 
The  complete  quantitative  applicability  of  Formula  (8o)  has  been  shown 
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by  experimental  Investigations  [31].  In  Pig.  51  the  thick  line  indi¬ 
cates  the  limit  diffusion  current  as  a  function  of  the  rate  of  rotation 
of  a  disc  electrode,  calculated  in  accordance  with  Eq .  (85)  for  the 
case  of  the  reduction  of  oxygen  dissolved  in  0.05  N  HC1;  the  points 
represent  the  experimental  values  of  the  limit  current.  As  follows  from 
these  tests,  the  above-described  theory  of  convective  diffusion  can  be 
considered  to  have  been  proved  correct  with  complete  confidence.  The 
exact  expression  for  the  current  on  the  rotating  disc  electrode  can  be 
used  in  analytical  practice  for  the  determination  of  the  concentrations 
of  a  reacting  substance  by  measurement  of  the  limit  current. 


Pig.  51.  Limit  diffusion  current  of  the  reduction  of  oxygen  as  a  func¬ 
tion  of  the  rate  o'  rotation  of  the  disc  electrode  ( m  Is  the  number  of 
revolutions  of  the  disc  electrode  per  second).  A)  Rotations  per  seconh 

For  electrodes  of  other  shapes  than  the  rotating  disc  electrode, 
the  solution  of  the  problem  cannot  be  taken  to  the  calculation  of  the 
numerical  coefficients.  This  is  due  to  the  fact  that  in  these  cases  the 
hydrodynamic  aspect  of  the  phenomenon  is  unduly  complicated.  With  the 
above-explained  theory  it  is  possible,  however,  to  reduce  in  all  cases 
the  electrochemical  problem  to  a  hydrodynamic  problem  and  thus  to  ex¬ 
pose  its  physical  meaning  fully. 

The  relations  derived  in  §3  of  this  chapter  for  the  magnitude  of 
the  concentration  polarization  also  applies  to  the  case  of  electrolysis 
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in  a  stirred  liquid;  it  is  merely  necessar;  sut  :t  itute  in  t  tru 
ccrrect  expressions  foi  the  limit  current .  For  the  nse  of  the  rotating 
disc  electrode  the  limit  current  is  found  from  Eq.  (85).  Likewise  the 
relations  derived  in  §6  for  the  ohmic  potential  drop  in  the  diffusion 
layer  retain  their  validity.  '!  e  ohmic  potential  drop  outside  the  lim¬ 
its  of  the  diffusion  .layer,  where  the  composition  of  the  solution  doer, 
not  change  during  electrolysis,  can  be  found  In  the  care  of  an  elec¬ 
trode  of  simple  geometrical  shape  fr*om  t  ne  current  intensity  and  the 
electrolyte  resistance. 

In  the  derivation  of  the  equations  in  •?-  wi  have  assumed  that 
convective  diffusion  is  not  cj  plicated  by  ion  migratl  n.  In  the  case 
where  the  electric  field  in  the  solution  affects  the  motion  of  the  re¬ 
acting  charged  particles  (for  example,  ir  absence  )f  a  foreign  electro¬ 
lyte),  the  corresponding  corrections  must  be  introduced  into  the  ex¬ 
pressions  for  the  limit  current,  as  described  in  55.  Hov/evei  ,  in  the 
case  of  a  stirred  liquid  the  quantitative  calculation  of  the  ion  migra¬ 
tion  differs  somewhat  from  the  case  of  a  quiescent  liquid.  Thus,  when 
univalent  cations  are  discharged  in  a  stirred  liquid,  the  migration 
does  not  cause  doubling  of  the  imit  current  (e^e  Eq .  (71)^  but  a 
smaller  increase. 

§10.  MONSTATION ARY  DIFFUSION  EQUATION  FOR  THE  FLAT  ELECTRODE 

In  the  preccdlnjj  sections  we  have  examined  the  phenomena  which 
take  place  in  stationary  diffusion,  i.e.,  In  diffusion  processes  whose 
rate  has  already  been  established  and  dee.  i.ot  change  in  time  subse¬ 
quently.  Of  Interest  is  also  an  examination  of  the  diffusion  processes 
whose  nature  has  net  yet  been  established  and  whose  rate  varies  with 
time.  The  study  of  these  phenomena  is  of  Importance  for  two  reasons. 
Firstly,  in  some  cases  we  mounter  In  practice  precisely  such  nonsta- 


tlonary  processes.  One  very  important  case,  the  diffusion  at  the  mercu¬ 
ry  drop  electrode,  will  be  discussed  in  greater  detail  later  on.  Sec- 
ndly,  when  considering  stationary  diffusion  processes,  the  assumption 
is  made  that  a  stationary  state  can  be  attained;  this  assumption  re¬ 
quires  proofs  which  we  have  omitted  in  the  preceding  discussions. 

Hence,  without  an  examination  of  the  nonstationary  states,  it  is,  gen¬ 
erally  speaking,  not  possible  to  obtain  complete  certainty  of  the  cor¬ 
rectness  of  the  treatment  of  the  stationary  processes. 

We  ought  to  mention  that  the  first  approximate  solution  of  the 
problem  of  nonstationary  diffusion  as  applied  to  the  electrocher  ical 
problem  has  been  obtained  by  A.P.  Sokolov  ( 1 8 90 )  [12], 

Let  us  begin  the  examination  of  nonstationary  diffusion  with  the 
simplest  case  of  a  flat  electrode,  immersed  in  a  large  volume  of  solu¬ 
tion,  which  is  not  agitated,  for  example,  a  silver  electrode  in  silver 
nitrate  solution  in  presence  of  an  excess  of  an  indifferent  electro¬ 
lyte.  This  solution  has  the  same  composition  at  all  points,  l.e.,  the 
same  concentration  of  the  discharging  ions.  At  a  certain  moment  of  time 
which  we  designate  as  t  -  0,  a  considerable  cathodic  polarization  is 
superposed  on  the  electrode  (by  means  of  any  auxiliary  electrode  im¬ 
mersed  in  the  solution).  If  the  polarization  of  the  silver  electrode  is 
sufficiently  large,  the  concentration  of  the  silver  ions  at  its  surface 
drops  instantly  practically  to  zero  in  consequence  of  the  process  of 
cathodic  discharge  of  the  silver  ions.  At  the  same  time  begins  the 
process  of  diffusion  of  the  silver  Ions  from  the  volume  of  the  solution 
towards  the  electrode  surface.  The  task  is  reduced  to  finding  the  dis¬ 
tribution  of  the  ion  concentration  In  the  solution  at  any  moment  of 
time.  Knowing  this  concentration  distribution,  we  can  readily  compute 
the  diffusion  current. 

This  diffusion  problem  has  an  analogy  in  a  large  number  o*'  other 
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phenomena  in  physics,  In  particular.  In  the  phenomena  or  thermal  con¬ 
ductivity  •  The  diffusion  phenomenon  in  tne  case  under  consie^ratlon 
here  corresponds  entirely  to  the  phenomenon  of  thermal  conductivity  in 
an  infinitely  large  body  in  which  the  temperature  initially  was  the 
sane  at  all  points  and  which  ohcn  begins  to  cool  by  virtue  of  the  fact 
that  a  plane  boundary  of  the  body  assumes  a  lower  temperature.  The  tem¬ 
perature  distribution  in  this  body  at  any  moment  time  and  the  heat 
flux  in  it  are  completely  analogous  to  the  concentration  distribution 
and  the  diffusion  flow  in  the  solution  near  the  flat  electrode. 

It  is  clear  that  the  above  diffusion  problem  leads  to  a  nonsta¬ 
tionary  diffusion  process  %  The  initial  ion  concentration  vns  the  same 
at  all  points;  after  the  switching  n  of  the  current  this  uniform  dis¬ 
tribution  is  upset.  The  concentration  change  is  first  limited  to  a  re¬ 
gion  of  the  solution  close  to  the  electrode  and  then  spreads  to  ever 
greater  distances  from  this  surface  into  the  depth  of  the  solution.  At 
different  moments  of  tine  after  this  disturbance  has  occurred,  the  con¬ 
centration  distribution  will  ee  different. 

In  order  to  give  a  quantitative  s  3utior  of  this,  problem  one  has 
to  solve  the  diffusion  equation  corresponding  to  the  above  conditions. 

If  we  designare  the  distance  from  the  electrode  surface  in  a  di¬ 
rection  perpendicular  to  the  surface  by  x,  then,  as  we  have  seen  in  52, 
the  differential  diffusion  equation  has  the  form 


dc 

n't 


I) 


tTr 

dx> 


(86) 


where  t  is  the  time  elapsed  since  the  initial  moment  of  the  process, 
and  a  »  c(x,  t)  is  the  concentrator  of  tne  silver  ions  which  is  a 
function  not  onlj  of  the  distanc  x  but  ,  tn  contrast  to  the  cases  of 
stationary  diffusion,  also  of  the  time  t.  7n  this  we  make  the  assump¬ 
tion  that  the  concentration  distribu* ion  does  not  vary  if  we  move  along 
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the  surface,  i.e.,  that  the  concentration  at  any  moment  of  time  is  the 
same  at  all  points  which  are  at  the  same  distance  from  the  surface.  We 
are  Justified  in  making  this  assumption  if  we  limit  consideration  to  an 
area  of  the  electrode  surface  which  is  sufficiently  far  from  the  edges 
of  tne  electrode.  Mathematically  this  requirement  is  xp^e*"  sed  by  the 
condition  that  the  distance  x  is  small  comparea  with  the  electrode  di¬ 
mensions;  this  condition  is  often  formulated  as  a  condition  of  an  infi¬ 
nite  electrode  dimension. 

According  to  the  conditions  of  the  problem  it  is  required  to  find 
an  expression  for  the  ion  concentration  as  a  function  of  distance  and 
time  which  would  satisfy  the  diffusion  equation  (86).  Moreover,  the  de¬ 
sired  solution  should  satisfy  the  following  boundary  conditions,  which 
fo  low  from  tne  nature  of  the  problem  itself.  At  the  moment  of  time  t  = 
-  0  the  concentration  at  all  points  has  the  same,  initial  value,  i.e., 

for  f  =  0  r.  —  C9.  (87) 

The  second  condition  states  that  at  any  moment  after  the  polariza¬ 
tion  current  has  been  switched  ori,  the  ion  concentration  at  actual 
electrode  surface  is  zero,  i.e., 

for  x  —  0  'uni  f>0  c~ 0*  (88) 

The  above  differential  equation  with  the  boundary  conditions  (8 
and  (88)  is  well  known  in  mathematic  physics  [±3] •  The  solution  of  th 
equation  has  the  form 

X 

iVut 

c(x,f)*=c*  7-  \  c^dq.  (89) 

V  «  i 

2  VH 

The  solution  thus  obtained  contains  l  m  j  initc  Integral  ^  ,»-v  Gh 

b 

The  variable  y  in  the  Integrand  is  an  auxiliary  mathematical  quantity . 
Because  a  definite  Integral  depends  only  on  the  magnitude  of  the  lower 
and  upper  limits,  this  variable  vanishes  in  the  final  solution.  The  riu- 
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merical  values  of  this  inte-rai  for  diffe  ent  values  of  the  upper  limit 
are  given  In  special  t  abl>-s .  f  the  uj  p  er-  limit  becomes  infinite,  then, 
as  we  know,  the  Integral  assumes  the  value 

(90) 

0 

Figure  52  represents  the  magnitude  r  this  integral  as  a  function 
of  the  value  of  the  jnper  limit  u;  it  is  evident  from  this  diagram  that 
it  varies  from  zero  t  /5T  '' 

By  simple  differentiation  ana  substitution  of  the  derivatives  into 
the  initial  differentia  aquation* it  is  readily  seen  that  the  solution 
thus  obtained  really  abj  f  >.  the  trpblei.  se"  \bovt  end  its  boundary 

conditions . 


f' 

t 

Fig.  52.  Graphic  representation  of 

u 

the  function  » («) -* 

b 

At  the  initial  moment  of  time  t  =  0,  and  also  at  great  distances 
from  the  electrode,  i.e.,  at  .r  -*  «,  the  up:  limit  tends  to  infinity, 

i.e.,  the  integral  assumes  the  value  f n  ^nd  the  concentration  of  the 

initial  value  c°  which  also  corresponc  to  the  physical  reasoning. 

Ibr  the  vain  s  x  =  0  and  t  >  0  f  t!v  variables  the  upper  limit  of 
the  integral  vanishes  and  together  with  it  nat  irally  also  the  value  of 
the  Integral  itself;  thus  concentration  is  zero.  This  corresponds 


to  the  boundary  condition  (88). 

If  we  subject  the  expression  (89)  which  we  have  obtained  to  an 
analysis,  we  find  that  it  is  proportional  to  the  initial  concentration 

Q 

a  .  It  is  easy  to  visualize  that  this  ought  to  be  so  since  all  the 
quantities  entering  into  the  differential  equation  are  linear  with  re¬ 
spect  to  the  concentration;  it  follows  that  if  we  vary  the  initial  con¬ 
centration  in  any  proportion,  the  concentrations  at  any  other  moment  of 
Lime  will  vary  in  the  same  proportion. 

The  solution  thus  obtained  has  a  typical  peculiarity  consisting  in 
the  fact  that  the  variables  which  interest  us,  the  distance  x  and  the 
time  t,  enter  into  it  not  independently  but  only  in  the  form  of  the  re¬ 
lation  x/ftj  i.e.,  at  the  same  value  of  this  relation  the  concentration 
has  the  same  value,  independently  of  the  values  of  x  and  t  taken  separ¬ 
ately.  Thus  for  two  points  in  the  solution,  at  a  distance  of  x ^  and  x ^ 
from  the  electrode  surface,  the  concentration  will  be  the  same  for  any 
two  intervals  of  time  t ^  (at  the  point  x ^ )  and  £„  (at  the  point  x^) 
which  satisfy  tne  condition  x,:xr  =  The  diffusion  front  thus 

advances  within  the  solution  a  distance  which  is  proportional  not  to 
time,  but  to  the  square  root  of  the  time.  This  is  the  case  because  In 
proportion  to  the  Impoverishment  of  the  solution  and  the  advance  of  the 


Fig.  53-  Distribution  of  the  concentration  of  the  reacting  substance 
near  the  surface  of  a  flat  electrode  at  different  moments  of  time  after 
the  switching  on  of  the  current:  1)  After  0.1  sec;  2)  after  1  sec;  3) 
after  10  sec;  4)  after  100  sec. 
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diffusion  front  into  the  depth  of  tin  lution  th#  concentration  gradi¬ 
ent  decreases  and  the  diffusion  is  progressively  slowed  down. 

Figure  53  gives  the  disti'J  t.rMon  i attern  of  the  concentration  as  a 
function  of  the  distance  from  t  ,t>  io*tr  de  -urface  at  different  mo¬ 
ments  of  time  after  the  .  '  n  jf  h  current  .  The  concentrations 

ai'e  plotted  on  the  ord!  .at*  ay'r  It,  rr-  •  t  i  t.s  of  tv  o  initial  concentra¬ 
tion,  i.e.,  the  ratio  e/cU .  ■•^efficient.  D  J  s  convention- 

_  ?  —  I 

tionally  taken  as  heir  1* 

The  distrlbuM  r  'f  the  co:r  trations  near  the  electrode  at  dif¬ 
ferent  moments  of  tir  af-  »r  ot  w,tc‘  r,  n  of  t  j  current  can  be 
found  very  conveniently  experimentally  by  means  of  the  interferometric 
method  mentioned  in  si,  •  veA  1  ty  a.  .  ;  -tsev  ’2]. 

In  order  to  calcul  it*^  ‘  h<  dlf'  u.  -or  f  1 .  ,  one  must  know  the  uon- 

centralion  gradient,  i.e.,  the  value  'dc/'z.  Because  we  are  interested 
in  the  number  of  ions  arriving  from  the  solution  at  the  electrode  sur¬ 
face,  we  must  use  the  valu'3  of  the  derivative  Vc/9x  at  x  *  0. 

The  first  derivative  of  t he  c  no eat rat ion  with  respect  to  distance 


is 


Hence 


dc  .  __g_  e 

Tx  /  r.Dt 


( - 


X\ 

'iOi 


(91) 


(92) 


K'Jx  A-0  /  kDI 

and  for  the  diffusion  current  expressed  ii.  electrical  units,  we  find 


u  - 


nr  i 'n? 


(93) 

As  is  evident  from  Ec .  ( 93 )>  tn-*  To!,  current  is  inversely 

proportional  to  tl,e  so.uarc  r  *"  '  f’  time.  If  the  electrolysis  proc¬ 

ess  is  continued  for  a  lot.  *  t.  'tie,  i  current  intensity  can  be  brought, 
down  to  as  small  values  is  <  '  v,ed;  it  follows  that  in  this  case  a  sta¬ 

tionary  state  of  the  concertrat  ton  polarization  is  not  established. 


At  the  initial  moment  of  time  at  t  =  0  the  current  density,  ac¬ 
cording  to  Eq .  (93),  is  infinitely  large.  Such  a  result  of  course  has 
not  physical  meaning.  It  is  obtained  because  of  the  simplification 
rhich  we  introduced  when  we  considered  that  at  the  moment  of  switching 
on  of  the  current  the  ion  concentration  a*:  the  actual  electrode  surface 
drops  instantly  from  the  initial  value  cL  to  zero.  With  this  simplified 
assumption  we  obtain  at  the  moment  of  time  t  =  0  a  finite  concentration 
lifference  at  an  infinitely  small  distance,  i.e.,  an  infinite  gradient. 
In  actual  fact,  however,  the  concentration  at  the  electrode  surface 
drops  to  zero  not  instantly,  but  within  a  certain,  admittedly  very 
short  interval  of  time  so  that  the  impoverishment  can  extend  to  a  cer¬ 
tain  distance  Into  the  depth  of  the  solution. 

The  relation  expressed  by  Eq .  (93)  has  been  experimentally  con¬ 
firmed  in  several  works.  Ye.M.  Skobets  and  N.S.  Kavetskiy  [1*0  measured 
the  variation  of  the  density  of  the  diffusion  current  on  a  solid  elec¬ 
trode  with  time.  In  all  eases  they  observed  an  abrupt  current  surge 
upon  closing  of  the  circuit,  followed  by  a  relatively  slow  current 
drop,  which  obeys  the  law 

i 

t  ~J=-  ■ 

Vt 

In  the  derivation  of  the  above  equations  it  was  assumed  that  * 

Ion  concentx-ation  at  the  actual  etecti’ode  surface  is  zero,  i.e.,  tb 

the  limit  value  of  t..ie  diffusion  current  is  alt  ned .  In  order  to  f  x 

tend  this  solution  to  a  case  where  the  ion  concentration  at  the  surfa 

is  not  zero  but  lias  a  certain  constant  value  (differing  from  the  ini 

tial  concentration),  it  is  sufficient  to  replace  everywhere  in  these 

solutions  the  Initial  concentration  by  the  difference  between  the 

0  s 

initial  concentration  and  the  concentration  near  the  surface  a  —  c  . 
The  formula  for  the  diffusion  current,  for  example,  is  rewritten  in  th 


form 


•  .  /-c  ,  .  6°  (9*0 

i.e.,  the  values  of  the  current  are  modified  compared  with  the  limit 

L  < 

values  ty  a  factor  of  fc  -  c'  )  >  •  . 


511.  EQUATION  OF  H0NS1 


V  I;  IF  FUSION  T*  WAHL'S  A 


.‘PHERIOAL  ELFCTPODE 


The  case  which  *n  <  r'e i  ent  section  is  very 

similar  to  the  preceding  and  differs  r:-om  it  only  by  the  geometri¬ 
cal  conditions,  i  aru  .  ,  diffusion  towards  a  flat  electrode 

we  shall  examine  diffusion  strode  .jith  a  spherical  shape, 

immersed  in  an  infinitely  n  vo  i  e  of  c  lut-Lon. 

We  designate  the  radiu^  >1  e  .pin  -Lc  1  electrode  by  rn.  Other¬ 
wise  we  retain  all  the  assumptions  made  during  the  xamination  of  the 
previous  problem.  At  the  moment  th'.-  ion  concentration  at 

all  points  of  the  solution  is  <  jual  to  the  initial  concentration;  imme¬ 
diately  after  the  switching  on  of  the  current  the  Lon  concentration 
near  the  lectrodc  surface  begins  to  df crease  and  retains  ^ts  initial 
value  only  at  a  great  distance  fr  ,r  It. 

In  the  study  r  f  '  t*<  taking  pia.ee  -  n  a  spher  cal  surface 

and  depending  only  on  t  distance  from  the  center  of  the  sphere  and 
not  cn  the  ct  oi^e  of  the  dirt  Ion  in  space,  it  is  convenient  to  use  a 
spheri  cal  coordinate  system.  It  r.  obvious  that  in  the  problem  formu¬ 
lated  by  us  such  spherical  sytmrc-try  is  present  and  that  the  concentra¬ 
tions  and  the  concentration  gradient  is  nme  for  all  points  of  the 

solution  at  the  sa  ie  distance  fr  \  **1  i  *  r  t  ?e  spherical  elec¬ 
trode  (Fig .  5*0  • 

For  this  reason  we  can  arc!  toe  concentration  at  any  point  of 
the  solution  ana  at  any  i wt.  ,*  of  time  as  a  function  of  two  variables: 


the  time  t  and  the  length  of  the  radius  vector  r  (i.e.,  the  distance 
from  the  center  of  the  sphere).  The  first  boundary  condition  has  the 
sane  form  as  in  the  preceding  problem,  i.e., 

(95) 

Vnt 

The  second  boundary  condition  assumes  a  slightly 
different  form  because  the  electrode  surface  is  no 
longer  described  in  the  Cartesian  coordinate  x  =  0  but 
in  the  spherical  coordinate  r  =  r^;  hence 

1  or  r  --  r0andfor  (  >  0  c  =  0.  (96) 

When  going  over  to  a  spherical  coordinate  system, 
a  transformation  of  the  original  diffusion  equation  is 
necessary,  which  assumes  the  form 

Sr-0  [?•!■+!£]•  (97) 

Equation  (97)  can  be  obtained  from  Eq .  (86)  by 
transformat  ion  of  the  coordinates  from  Cartesian  to 
spherical;  one  can  also  derive  Eq .  (97)  directly  if  we 
regard  the  diffusion  process  towards  a  spherical  sur¬ 
face  as  analogous  to  that  in  the  derivation  of  Eq .  (86).* 

The  solution  of  the  differential  equation  (97)  at  the  above-mer- 
tioned  boundary  conditions  has  the  form 

.  r».. 

»V~Dr  (qg) 

\  +  1-f) 

This  solution  consists  of  two  components  of  which  the  first  is  cr 
lireiy  analogous  to  the  solution  of  the  previous  problem  (Eq.  (89)) 
with  the  only  difference  that  the  distance  not  from  the  plane  surface 
but  from  the  spherical  surface  figures  in  the  upper  boundary  and  that 
the  coefficient  in  front  of  the  Integral  contains  an  additional  factor. 
The  meaning  of  the  second  term  of  Eq.  (98)  will  be  clear  from  the  fol- 


P 


is  the  radi¬ 
us  of  the 
spherical 
electrode ;  r 
the  distance 
of  a  point  P 
lr.  the  solu¬ 
tion  from 
the  center 
of  the  spher 
leal  elec¬ 
trode  . 
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lowing. 


If  we  analyse  the  so]  \  4  4  u  thus  •  d  4  a  '  red  it  is  nt  once  apparent 
that  for  values  of  v  tending  tc  r* ,  it  is  transformed  into  the  solution 
of  the  previous  problem  for  diffusion  towards  a  flat  electrode.  Phys¬ 
ically  this  means  that  at  v  1os  di  tar.oes  to  t  :.e  spherical  surface 
it  may  be  regarded  as  a  f  it  1  '  trod-  .  hi  th  concept  of  close 

distance  to  the  spherical  sun yuo  natur-  l.v  means  a  distance  which  is 
small  compared  with  t  he  ■  ai  f  a  .cur  e,  -t  ii*s  *  ncer  which  are  not 
very  small  compared  ’*!*■>  mensions  of  the  sphere,  the  diffusion 

phenomena  will  differ  r  <r  •  ‘  ’•  vh>*n  is  established  at 

the  flat  electrode.  The  aif  n  >.  th-  olutlon  for  the  flat 

electrode  and  the  spherical  el-  r  1  •  tJ  ularly  clea-”  cut  if  the 

corresponding  values  of  the  .  n  •  ■  a.  -,  c  npar>  d.  Hy  differ¬ 

entiating  Eq.  (98)  with  ”es{  -,t  ’o  /*,  we  fin 

r-r  t 

2  )rin  tr— rpj* 


{_  (99) 

dr  r  Yr  '  r  '/  r  2  \f  Wt  ' 


At  r 


this  derive.  i\ 


>.  sunec  he  vai  *> 

(?). . ~7Ttr-r-  (99=.) 

Hence  the  diffusion  lurru,  (in  electrical  units)  is  equal  to 

i  -A}.  two) 

This  expression  also  consists  of  two  addends,  the  first  addend 
corresponding  exactly  to  the  expression  for  the  diffusion  current  to¬ 
wards  a  flat  surface  (see  Eq.  (03))-  Tv  ' 4  - ’.end  iecressews  in  inverse 

proportion  to  the  square  root  of  i  -  f  The  second  addend  for  the 

current  is  a  cor.stn  it  and  r.  of  irv  . 

The  relation  between  the  two  addends  of  Eq.  (100)  depends  on  the 
value  of  the  time  t.  At  th  initial  moments  of  time  when  t  is  small, 
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the  first  addend  -iderably  exceeds  the  second  one  and  the  diffusion 
surface  of  the  drop  takes  place  in  accordance  with  the  same  laws 
as  those  pertaining  to  diffusion  towards  a  flat  surface.  When  the  val¬ 
ues  of  t  increase  the  first  term  decreases  and  the  relat  /e  proportion 
of  the  current,  due  to  the  second  term,  increase:  With  further  in¬ 
crease  in  the  time  the  current  does  not  tend  to  zero  as  in  the  case  of 
diffusion  toward;  a  fiat  surface  but  to  the  constant  value  i  =  nFDc°/r  , 
i.e.,  the  diffusion  goes  over  from  the  nonstationary  to  the  stationary 
state . 

It  can  be  shown  that  the  establishment  of  a  stationary  diffusion 
state  with  a  diffusion  current  different  from  zero  is  not  connected 
with  the  spherical  shape  of  the  electrode  with  with  its  finite  linear 
dimensions.  Had  we  not  assumed  an  infinite  plane  but  a  disc  in  the  pre¬ 
ceding  section  or  in  general  any  body  with  certain  dimensions,  which  is 
placed  Into  an  infinite  uniform  medium,  we  would  also  have  observed  a 
gradual  transition  irom  nonstationary  diffusion  to  the  stationary 
state.  The  magnitude  of  the  stationary  current  under  these  conditions 
depends  on  the  linear  dimensions  of  the  surface  under  consideration. 

It  would  be  of  interest  to  calculate  for  a  spherical  electrode 
with  certain  dimensions  the  time  interval  after  which  the  diffusior 
jiroximat.es  the  stationary  state.  At  the  moment,  of  ine  F)  the 

vaiues  of  the  stationary  and  nonstati unary  diffusion  currents  (tho 
first  and  second  addends  of  Eq.  (100))  are  equal;  this  moment  can  thus 
serve  as  a  certain  characteristic  for  the  transition  to  the  stationary 
diffusion  state.  The  impoverishment  of  the  solution  up  to  the  moment  t 
is  considerable  at  distances  r  for  which  ( v  —  r0)/2/Vt  is  not  yet 
large.*  It  follows  that  within  the  time  t ^  the  diffusion  front  has  pen¬ 
etrated  Into  the  depth  of  the  solution  to  a  distance  of  tho  order  of 

For  a  spherical  electrode  with  radius  1  mm 
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the  radios  of  the  phere. 


and  with  normal  valu  c  v  diffusin'  r  ficient  t  :,t  time  Is 
about  300  sec.  Thus,  during  tie  first  l w  tens  of  seef  nds  after  the 

switching  on  of  the  current  tin  thickness  of  ti.c  f fusion  layer  is 

still  small  compared  will  ra  51  nr  c  r  he  j  }  ,  ai.d  ‘he  laws  apply¬ 
ing  to  diffusion  towai  5  .  pi  arc  elcv,  u  1  -an  l  »  rflie-d  to  the  diffu¬ 
sion  towards  a  sphere.  We  eha!!  make  us  5’  this  consequence  in  the 

following. 

The  establishment  of  h  regular' t  Lee  cl  erved  with  an  elect: ode 
of  spherical  shape  pern  If  the  examination  of  an  Impor¬ 
tant  and  widely  occurr'1  1  .  t  e.  ct.  rode,  which  is 

widely  used  for  various  anaiyt  c  >  1  5  'cal  measurements 

(see  Chapter  2). 

§12.  OTHER  CASES  OF  NONSTATIONARY  DIFFUSION.  POLARIZATION  OF  AN  ELEC¬ 
TRODE  BY  AN  ALTERNATIN'!  OURRENm 

Tr  the  preceding  section*"  *e  nav  cons  Lciev  ’  no  of  the  cases  of 
non* tat ionary  diffusion  In  which  a  constant  concentration  of  the  poten¬ 
tial-determining  ions  Is  established  at  ectrode  surface  (in  par¬ 

ticular,  zero  cone* nt rat  L<~i: )  -  iti  whici  ,  jving  tc  the  advance  of  the 
diffusion  front  into  t  i  c'  t "e  solution  tic  current  intensity 
decreases  gradually. 

Other  cases  of  nonstationary  concent  rat  iorf  polarization  are  also 
possible  in  which  by  means  of  suitable  externa',  devices  different  con¬ 
ditions  are  maintained  at  the  electrode”  ace.  For  example,  one  can 
polarize  the  electrodQ  with  an  c-’at  _  </  ■-'ns tart,  curr  nt  intensity. 
The  electrode  potential  ir  t  •  il  not  "  main  cons'ant:  in  pro¬ 

portion  to  the  advance  of  th  diffu  Ion  fr^nt  int  the  depthi  of  the  so¬ 
lution  the  concentration  of  he  reacting  ions  at  the  electrode  surface 
should  decrease  ir.  order  ‘  retain  a  constant  concentration  gradient 


slectrodc.  It  is  easily  imagined  that  the  passage  of  a  current 
with  a  certain  intensity  under  these  conditions  is  possible  only  for  a 
certain  time  interval,  namely  until  the  concentration  of  the  discharg¬ 
ing  ions  at  the  electrode  surface  has  dropped  to  zero*  15]. 

The  case  of  the  polarization  of  an  electrode  with  an  alternating 
current  deserves  attention.  Periodic  current  pulses  in  opposite  direc¬ 
tions  cause  a  periodic  decrease  and  increase  in  the  concentration  of 
the  potential-determining  ions  and  at  the  same  time  a  periodic  varia¬ 
tion  of  the  electrode  potential.  As  will  be  evident  from  the  following, 
when  an  electrodr  is  polarised  with  an  alternating  current,  the  poten¬ 
tial  shift  caused  by  the  variation  of  the  ion  concentration  is  consid¬ 
erably  less  than  with  prolonged  polarization  with  a  direct  current; 
this  circumstance  is  used  to  advantage  for  the  study  of  electrochemical 
phenomena  in  which  it  is  desirable  to  exclude  the  concentration  polari¬ 
zation  or  to  reduce  it  as  far  as  possible  [16]. 

O 

Let  us  consider  the  derivation  of  the  equations  for  nonstationary 
diffusion  with  a.c.  polarization  of  the  electrode  using  two  simplifying 
assumptions.  Firstly,  we  assume  that  the  intensity  of  the  alternating 
current  is  not  very  great  so  that  the  maximum  fluctuations  of  the  ele 
trode  potential  are  small  compared  with  the  quantity  RT/nF.  Secondly 
we  assume  at  first,  that  the  quantity  of  electricity  consumed  for  charg¬ 
ing  the  double  layer  at  t.he  electrode  surface  is  small  compared  with 
the  quantity  consumed  for  the  alteration  of  the  ion  concentration, 
i.e.,  for  the  electrical  process  taking  place  at  the  electrode  surface. 
The  Jast  assumption  is  exactly  the  reverse  c  f*  that  made  in  the  discus¬ 
sion  of  the  conditions  for  carrying  out  capacitance  measurements  on  the 
double  layer  with  an  alternating  current  (see  of  the  Introduction). 

The  differential  diffusion  equation  derived  in  §2 


also  remains  in  force  In  the  above-conr 1 dered  case  of  the  polarization 
of  a  flat  electrode  with  an  al'erns f i nr  currer  .  At  a  large  distance 
from  the  electrode  the  cone-  i  ration  of  the  potential-determining  ions 
is  invariant,  being  oqua]  to  the  lnit  al  c  -.r.-  ntra  t *  m, 

m  fr=r'  (10H  ) 

If  the  electrode  is  polar. red  an  alternating  current,  the 

boundary  condition  at  the  electrode  surface  is  altered. 

According  to  the  sec  and  '  cur  assumptions,  the  total  magnitude  of 
the  charges  arriving  at  n  .  ‘  "  '  \  rl  .  _>r  t  orient  of  time  is 

equal  to  the  number  of  charges  which  par:  Lpule  ir  the  electrochemical 
reaction,  i.e.,  the  diffu  ion  rr  nl  i.:  t  o  tht  density  of  the 

electric  current  passing  throu  h  1  h*  ele  'trodt . 

For  a  sinusoidal  alternation  curren*- ,  i.  ,,  ■  current  varying  in 
time  in  accordance  with  the  law 

i  - sin  <•*/ 


(t  ^  is  the  amplitude  of  the  current  e*  the  a  c.  current;  m  is 

the  frequency  of  the  -  ternnt  •  '-urrent),  i  can  write 

w -«*>(£)„,.  005) 

From  truo  wo  find  that  t  concentration  gradient  at  the  °lectrode 
surface 


U05a) 

varies  periodically  in  accordance  v:\*  ^  lav  ^  the  current  den¬ 

sity. 

The  solutior  j f  the  dlff  ,i  1 1  on  ( i  for  the  boundary 

conditions  (10;n  nd  (J05a‘)  n  .  the  form: 

(106) 


/-n _ —p  fiw*  c cssT  - rtW—  -f  \  I  . 

nF\\n  L  »'  4  J 


u 
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According  to  Eq.  (.106),  when  an  alternating  current  passes  through 
the  solution,  periodic  concentration  fluctuations  occur  in  it  with  the 
rane  frequency,  wtich  advance  from  the  electrode  surface  into  the  depth 
of  the  solution  with  an  amplitude  which  decreases  in  proportion  to  the 
quantity  e  '  '  ,  i.e.,  the  more  rapidly,  the  greater  the  frequency 

of  the  alternating  current. 

The  variation  of  the  electrode  potential  is  connected  with  the 
variation  of  the  concentration  of  the  potential-determining  ions  near 
the  electrode  surface  (i.e.,  at  the  point  x  =  0)  by  the  basic  equation 
of  concentration  polarization 


(107) 


If  the  electrode  Is  not  strongly  polarized,  when  A 9  <  RT/nF  (first 

0  0 

assumption)  and  (e  -  o  )/c  is  small  compared  with  unity,  In  (1  + 

+  ( a  -  aJ)/o°)  can  be  renlaced  with  sufficient  approximation  by 

/  •  ^  i  /  o 

( c  —  c  )/  a  : 


A? 


RT  c-c* 
c ’ 


(107a) 


Substituting  the  value  of  c  at  x  =  0  from  Eq .  (106)  we  find  final¬ 


ly 


-V  'o  ,, 


RT 


—  sin  ( 

r>«.  V  4  J 


(108) 


0  it*/- v"  V />-» 

it  can  be  seen  from  Eqs.  (106)  and  (108)  that  during  the  passage 
of  a  sinusoidal  alternating  through  the  electrode,  a  phase  shift  is  ob¬ 
served  between  the  current,  on  the  one  hand,  and  the  concentration  and 
potential,  on  the  other,  namely  the  potential  lags  ^5°  behind  the  cur¬ 


rent. 


The  passage  of  an  alternating  current  through  an  electrode  corre¬ 
sponding  to  concentration  polarization  thus  can  be  compared  with  the 
passage  of  an  alternating  current  through  an  electrical  circuit  con- 
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s  '.st inf.  of  series  or  parallel  connected  resistances  and  capacitances; 
in  this  case,  as  we  know,  a  phase  shift  between  current  and  potential 
is  also  observed,  varying  from  0°  for  the  care  of  resistance  only  to 
90!  in  the-  case  of  capacitance  only.  The  equation  C 1 08 )  was  worked  out 

by  Krueger  [17]. 

It  Is  interesting  ’  o  cc  t-^re  •  ru-  ;  i:  ]  ’  ‘  udi  of  the  variable  concen¬ 
tration  polarization  ,•  a  isii  at  dens' ty  of  the  alter- 

~  0  ,•»/•■’; o  g  n ... 

nating  current  i (/ ,  with  th  concentration  polarization  At  .  in  presence 
of  a  direct  current  oi  *  v  .  >.  nsi>>  .  in  "fat  ionary  conditions 


•'v- 

fron  which  we  find,  using  (8 


ur  u 

i  F  i,t 


(see  Eq.  (58a)), 


I  Jr-  I _ Lt _ m£P 

i  —  I  n/-c*  ,  t) ut  fc  }^tj 


(109) 


-5  2-1 

Assuming  D  =  10  cm  toc  and  0.003,  we  find  that  at  a  fre¬ 
quency  w  =  10,000  c  =5,001  >  t.  e  po  arizati  Dr;  caused  oy  the  al- 

Ay  .  ’ 

ternating  current. is  Approximately  one  hundred  times  less  than  the  po¬ 
larization  with  direct  current*.  Such  a  marked  crease  in  the  magnitude 
of  the  potential  shift  tHroug  the  use  of  *  e^n^ing  current  in  ex¬ 
plained  by  the  fact  that  if  the  current  direction  Is  periodically  re¬ 
versed,  the  .iffusion  front  cannot  move  away  from  the  electrode  surface 
to  a  great  distance.  This  means  that  a  state  is  all  the  time  maintained 
at  the  electrode  surface  which  is  analogous  to  the  state  at  the  first 
moment  after  the  switching  on  of  the  direct  current*  when  the  concen¬ 
tration  polarization  is  as  yet  sllgl 

As  mentioned  previously,  dorii  uerivaflt.i  of  Eq .  (108)  we  did 

rot  take  into  account  that  ne  has  a  certain  double  layer  ca¬ 

pacitance  C  and  that  part  f  he  passing  current  is  consumed  for  the 
variation  of  the  enurge  dent:  >y  in  the  double  layer.  If  the  converse 
assumption  is  ad-'  that  no  electrochemical  reaction  takes  place  at  the 


^  CO 


electrode  surface  (i.e.,  that  the  electrode  possesses  ideal  polariza¬ 
bility  and  behaves  like  a  capacitor  without  leakage),  the  passage  of  a 


sinusoidal  alternating  current  causes  a  potential  fluctuation,  which, 
as  we  know  from  the  physics  course,  is  expressed  by  the  equation 

u 


t  COS  nt . 


(110) 

It  is  not  difficult  to  derive  relations  for  the  case  in  which  dur¬ 
ing  the  passage  of  alternating  current  both  processes  take  place  simul¬ 
taneously:  the  charging  of  the  double  layer  and  the  variation  of  the 
concentration  of  the  potential-determining  ions  as  a  result  of  the 
electrode  reaction.  The  corresponding  equations  are  fairly  cumbersome, 
and  we  shall  not  present  them  here.  However,  it  is  easy  to  arrive  at  a 
conclusion  concerning  the  relative  importance  of  the  two  effects  with 
regard  to  their  order  of  magnitude  by  comparing  the  equations  (108)  and 
(110).  Indeed,  the  ratio  of  the  amplitudes  of  the  alternating  current 
which  give  equal,  amplitudes  A 9,  respectively,  for  the  case  of  an  elec- 

:nd 

for  an  electrode  at  the  surface  of  which  the  concentration  variation 
^'fl^konts  takes  P^ac0  during  the  passage  of  an  alternating  current,  i. 
equal  to 


trode  which  behaves  like  a  capacitor  with  the  capacitance  c^Q^eia ^ 


(*•)«»••«. :  •  pf  “*■  n»fi  /u  Lc*  ■* 


(111) 


It  can  be  seen  that  this  ratio  increases  in  proportion  to  the  In- 

Q 

crease  in  w  and  the  decrease  In  c  .  Thus  the  behavior  of  the  electrode 
in  the  alternating  current  approximates  the  behavior  of  the  double  lay¬ 
er  capacitor  the  more,  the  higher  the  frequency  of  the  oscillations  and 
the  lower  the  concentration  of  the  potential-determining  ioi.s,  and, 
conversely,  t  lie  double  layer  capacitance  can  be  neglected  with  more 
Justification ,  the  lower  the  frequency  of  the  oscillations  and  the 
larger  the  value  of  the  concentration  o1  . 


Ib3  - 


Three  result:  can  also  r  *  fornu  ‘  •  <  following  way.  An 

electrode  at  the  surface  of  which  variations  of  tht  eoncentrat Lon  of 
the  potential-determining  ions  taxe  place  during  the  passage  of  a  cur¬ 
rent  behaves  during  measurements  wlvh  it ernatlng  current  as  if  it  had 
a  certain  capacitance  in  excess  'hot  due  tc  the  double  layer  and  a 
certain  conductivity,  which  art  "he  greats  ,  hi 'her  the  concentra¬ 
tion  of  the  potentlal-det eriaining  ions.  Tht  magnitude  of  this  addition¬ 
al  capacitance  decreases,  hoktver,  with  increase  ir.  the  frequency  of 
the  oscillations,  st  '  rojort tonal  to  Vu. 
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[ Footnotes  ] 


]07  In  the  general  case  when  ttie  electrochemical  process  does  not 

consist  in  a  discharge  of  rnetal  ions,  the  quantity  n  desig¬ 
nates  the  number  of  electrons  per  molecule  of  reactant,  dis¬ 
appearing  (or  liberated)  during  tne  electrode  process. 

120  In  the  case  of  an  n-valent  ion  the  quantity  F  in  Eq.  (68) 

must  be  replaced  by  nF. 
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122 


125 


131 


1*J5 


147 


149 


This  calculation  Is  l  r.eom;:  let  e  n^cnus<j  it  does  not  take  ac¬ 
count  of  t..e  fact  ti  nt  in  eonscqui  no  *  f  a  difference  in  the 
ion  mobilities  a  \  oter  iai  di  f f  rence  txl  ts  in  a  liquid  cox- 
umn  with  a  concent  rat  Ion  gradient  even  without  the  passage  of 
current.  In  this  case,  however,  we  are  interested  only  in  the 
order  of  magnitud  of  the  quantity  s  .  -  Q  . 

The  precise  posit  to  of  the  immobile  liquid  layer  (from  the 
point  of  view  of  mol  iulatr  dimensions)  which  we  have  analyzed 
In  §2  of  the  Int :  ndu^ i ion  normally  of  r.o  significance  when 
the  motion  cf  a  mechanically  stirred  1'quid  relative  to  a 
solid  is  .  ns ' 1  i  a . 


In  this  connection  i  a  question  may  arise  .it  to  the  validity 
cf  using  F.q .  (3.  )  wi  ich  has  been  derived  for  the  case  of  a 
quiescent  boundary  layer.  However,  as  calculation  shows,  the 
c oncent!vet a.  ..  uis;  ution  in  a  moving  fluid  near  the  elec¬ 
trode  surface  %t  line  hi  cl  allows  us  to  use  Eq . 

(82)  with  a  suff  lent  degree  or  approvin'.?  ion. 


Indeed,  the  difference  between  thi  diffusion  currents  which 
penetrate  a  spheric  by  the  radii  r  and  r  ♦  dv 

and  whicvi  emerge  fv-  r  it  ,  • 


and  the  volume  of 


r  /  <)c\ 

this  lay  or  is 


■•nr  ir,  lance 


a;  i  a 


Indeed,  as  follows  from  Eq.  (98),  for  large  values  of 
O  —  tgJ/sJut  the  magnitude  of  c(r,  41  coincides  with  c° , 

i.e.,  the  composition  of  the  solution  remains  unchanged. 


The  above-discussed  boundary  condition  (88)  must  be  replaced 
in  this  case  bv  th^  following: 


H  />0  =  (101) 

ox  nF 


wii<  re 
these 
x  and 


i  is  the  constant  density  of  the  applied  current.  Under 
boundary  conditions  the  concentration  as  a  function  of 
t  is  expressed  c j  the  relation 


c(x, 


21  1  /  l 

V  id 


T!)e 


a 

VFi 


2ix 


nDFV 


;  $ 


C~V'dy. 


2  foi 


(102) 


It  follows  that  at  x  *  0,  i.c.,  it  the  electrode  surface, 


e9- 


2  i  •»/  I 

nF  I  *D 


(102a) 


The  time  tr,  after  the  expiry  of  which  the  concentration  c  at 

the  electrode  surface  vanishes  and  a  further  passage  of  a 
current  with  the  density  i  is  consequently  impossible,  as 
follows  from  the  above-presented  expression  for  c,  is 
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[Transliterated  Symbols] 
om  =  om  =  omicheskly  =  ohmic 

rp  =  gr  =  granichnyy  [sloy]  =  boundary  [layer] 
gmk  =  emk  -  emkost *  =  capacitance 

kohu  =  konts  =  kontsentratslya  *  concentration 
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Chapte"  2 
POLAROnPAPl  { 

§1.  PRINCIPLE  OF  THE  Fv  LAAOdfA'  IT  i-U-T". 

The  phenomena  of  concentrot ' on  polai  1 ~at ion  decor* bed  in  the  pre¬ 
vious  chapter  are  ercoi  >.  rod  i:  various  cases  of  electrolysis  or  th° 
operation  of  chemical  current  sources  nd  Leave  .their  imprint  on  the 
current-voltage  curves  which  are  obtained.  descriptive  example  of  the 
application  of  the  above  concepts  t  r:~oti  lly  important  case  of 
electrolysis  is  the  polarographic  method  of  chemical  analysis,  whose 
theory  Is  based  to  a  large  degree  on  the  lawr  of  J  'Ysicn  kinetics. 

The  polarographic  method  of  analysis  which  ..a.  been  proposed  by 
the  Czech  scientist  Hoyrovsky  [1]  is  based  on  the  ‘  lectrolysis  of  test 
solutions  in  an  electroly tic  cell  whose  cathode  is  a  mercury  d^op  elec¬ 
trode.  The  current  Intensity  versus  applied  voltage  curves  thus  ob¬ 
tained  make  it  possible  to  determine  the  nature  as  well  as  concentra- 
ti  ->n  of  the  substances  v/hjeh  are  reduced  at  the  cathode,  in  the  solu¬ 
tion.  Solutions  containing  substances  capable  of  electrical  oxidation 
can  also  be  investigated  by  polarography ;  in  this  case  the  mercury  drop 
electrode  serves  a.  the  anode. 

The  mercury  drop  electrode  device  '  1  1  )  consists  of  a  glass 

capillary  from  which  mercury  flows  out  lowly  under  the  pressure  of  the 
mercury  column.  Mercury  drop?  are  formed  at  the  tip  of  the  capillary 
which  break  awa.v  from  the  capillary  at  equal  time  intervals  of  several 
seconds  and  drop  o  the  bottom  of  the  vessel.  Up  to  the  moment  of 
breakaway,  the  growing  mercury  drop  hanging  on  the  end  of  the  capillary 
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serves  ns  the  electrode. 


By  means  of  the  external  current  source  B  and  the  voltage  divider 
P  one  can  impose  any  voltage  on  the  galvanic  circuits,  consisting  of 
the  drop  electrode  K  and  the  auxiliary  electrode  A.  A  certain  current 
then  flows  through  the  system  which  is  measured  hy  means  of  the  sensi¬ 
tive  galvanometer  G. 

The  application  of  an  external  voltage  E  on  the  galvanic  cell  gen¬ 
erally  causes  a  variation  of  the  potentials  of  both  electrodes  and,  as 
a  result  of  the  application  of  the  current,  the  appearance  of  an  ohmic 
voltage  drop  in  the  solution.  The  connection  between  these  quantities 
is  expressed  by  the  relation 

£  *=  'fA-«PK  +  IR> 

where  the  anode  and  cathode  potentials  <p^  and  are  a  function  of  the 
current  density.  As  a  rule,  either  a  nonpolarizable  calomel  electrode 
or  a  mercury  electrode  with  large  surface  on  the  bottom  of  the  vessel 
which  is  only  slightly  polarized  by  the  passage  of  a  current  with  rela¬ 
tively  low  current  density  is  used  as  auxiliary  electrode  in  polaro- 
graphic  measurements.  Hence,  provided  that  the  solution  contains  a  suf¬ 
ficient  excess  of  an  indifferent  electrolyte,  the  quantity  IF  and  the 


Fig.  55*  Scheme  of  the  polarographic  apparatus:  K)  Capillary  with  hang¬ 
ing  mercury  drop;  A)  auxiliary  electrode;  B)  current  source;  F)  poten¬ 
tiometer;  (7)  mirror  galvanometer. 
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sumed  tli a'  {  race  j  - 


variation  of  cp.  can  b  noir  m  >d,  i  .  e.  , 


cally  the  entire  applied  voltage  Is  used  l'or  the  variation  of  the  po¬ 
tential  AE  =■  — A <p t,  of  the  drop  electrode.  If  tiu  last  condition  is  not 
fulfilled,  the  ohmic  potential  cron  In  the  so  ution  must  also  be  taken 

into  account. 

By  means  of  a  special  device,  th<  f  1  ■  r  .  :ph,  an  automatic  eun- 
tinuou3  increase  in  the  applied  voltage  with  simultaneous  photographic 
recording  of  the  current-voltage  curves  is  possible .  These  automatical¬ 
ly  recorded  curves  a  ■  tcrim  a  p<  i-r  i_,ram  . 


82.  MAGNITUDE  OF  THE  DIFFUSION  CURRENT  AT  THE  DROP  ELECTRODE 

Certain  electrode  reactions  take  place  at  the  surface  during  the 
polarisation  of  the  drop  electrode.  If,  for  example,  the  solution  con¬ 
tains  zinc  ions  in  low  concentration,  then  at  a  -rtain  shill  of  the 
potential  of  the  drop  electrode  in  the  direction  of  negative  values  the 
zinc  ions  begin  to  be  discharged  with  formation  of  zinc  amalgam  at  the 
surface  of  the  mercury  drop.  The  more  negative  the  notential  is  made, 
the  concentration  of  the  zinc  •*  ons  near  the  surface  begins  to  decrease, 
and  the  phenomenon  of  concentration  polarization  sets  in.  With  further 
Increase  of  cathodic  po  <nri nation  the  concentration  of  the  zinc  ions 
near  the  electrod**  surface  drops  practically  to  zero,  and  the  current 
attain?  its  limit  value. 

In  order  to  calculate  the  limit  diffusion  current  we  must  analyze 
the  chencmena  of  diffusion  towards  the  d  lectrode.  The  diffusion 

pattern  in  this  case  is  considerably  moie  complex  than  for*  the  immobile 
spherical  electrode,  discussed  in  6 j 1  of  tee  preceding  chapter  because 
the  mercury  dron  gr  ws  continually  as  long  as  it  does  not  break  away 

*  w 

from  the  capillary  and  Is  re  laced  by  a  new  drop.  Here  and  further  on  w 

in  this  chapter  w<  shall  1  sit  consideration  to  the  case  in  v/hich  the 
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solution  contains  an  excess  of  an  impurity  electrolyte  which  does  not 
participate  In  the  reaction*  (the  so-called  background),  i.e.,  we  shall 
take  into  account  only  the  diffusion  proper  and  not  the  ion  migration 
under  the  influence  of  the  electric  current . 

We  shall  also  refrain  here  from  explai  inf  completely  the  theory 
of  diffusion  towards  a  sphere  with  continuously  increasing  radius  but 
shall  limit  consideration  to  a  simplified,  not  entirely  rigorous  devel¬ 
opment  of  the  consequences  of  the  theory.  For  this  purpose  we  assume 
that  the  diffusion  towards  the  growing  drop  takes  place  in  accordance 
with  the  same  law  as  diffusion  towards  a  quiescent  sphere,  with  only 
the  difference  that  the  total  electrode  surface  increases  with  time.  In 
other  words,  we  do  not  take  into  account  the  fact  that  during  the 
growth  of  the  drop  its  surface  does  not  only  increase  but  also  sort  of 
moves  towards  the  diffusion  current  directed  towards  it,  thus  continu¬ 
ously  enlarging  the  diffusion  layer. 

The  maximum  size  of  the  mercury  drops  during  polarographic  meas¬ 
urement  (the  size  at  the  moment  of  breakaway  of  the  drop)  is  of  the  or¬ 
der  of  one  millimeter;  the  period  of  dropping,  i.e.,  the  "life"  time  of 
an  individual  drop  varies,  as  a  rule,  between  2  to  6  sec.  As  follows 
from  the  calculation  given  in  §11  of  Chapter  1,  the  diffusion  towards 
the  spherical  electrode  is  not  yet  stationary  under  these  conditions. 

In  other  vords,  the  impoverishment  of  the  solution  around  the  growing 
drop  during  the  observation  cannot  extend  to  distances  commensurable 
with  the  drop  dimension;  the  observation  t'.me  on  on  individual  drop  in 
turn  is  limited  by  the  fact  that  the  drop  periodically  breaks  away  and 
that  the  whole  pattern  of  growth  of  the  drop  and  diffusion  starts  all 
over  again  with  every  new  drop. 

The  thickness  of  the  diffusion  layer,  generally  speaking,  nan  be 
estimated  by  independent  optical  methods  because  the  variation  of  the 
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concentration  of  one  of  t'n  components  f  rho  solution  causes  a  vari¬ 
ation  of  its  index  of  refraction.  The  best  known  method  is  the  so- 
called  schlieren  method  ty  r.eais  of  whic.i  *  :u  layer  of  the  solution 
with  a  slightly  modified  refractive  Index  i*  made  visible  on  a  photo¬ 
graph  in  analogy  to  photographing,  fo~  example,  currents  of  warm  or 
cold  air.  Such  photograph**  show  that  ground  ti.f  drop  electrode  there  is 
a  film  of  impoverished  solution,  whny  thi  UuCsh  1.,  really  small  com¬ 
pared  with  the  radius  of  th  drop.  It  follows  from  this  that  during  the 
lifetime  cf  an  i:  II*.  :  >•••  t.;e  diffusion  cannot  mo  o\  r  fro:  ’he 

nonstationary  to  ~  at i  >  >• y  rorir  . 

The  density  of  the  diffusion  current  moving  towards  the  drop  under 
these  conditions,  mus,  according  m  formula  (93)  is 


nTc*  V  O 

V* 


where  t  is  the  time  elapsed  from  tne  Initial  moment  of  formation  of  the 
drop  (i.e.,  from  the  moment  of  breakaway  of  the  preceding  dro;  ) . 

The  current  intensity  at  the  moment  of  time  t  is 

l~*r'\i'=Ar.r\aF-Z£L,  (112) 

)  rt 


where  r„  is  the  drop  .dius,  i  pending  cn  the  time  t. 

The  dependent  ci  cn  time  is  determined  f,  the  law  of  growth  of 
the  drop.  A-  a  ruie,  the  mercury  drop  electrode  Is  designed  in  such  a 
way  that  the  mercury  fl^ws  through  z  long,  narrow  capillary.  The  rate 
of  flow  of  the  mercury  depends  in  this  cane  mainly  on  the  height  of  the 
mercury  column  and  the  internal  friction  eg  the  mercury  in  the  capilla¬ 
ry;  by  way  of  firs’  approximation  it  .  constant  and  independent 

of  time  and  the  polarisation  f  the  'J  i  .*  It  follows  from  this  that 
the  volume  of  the  drop  Is  proport’  nai  to  the  time,  elapsed  since  the 
initial  moment  of  its  fo^ma* ion . 

If  we  designate  the  of  flow  of  the  mercury  (In  grams  per  sec- 
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ond)  by  m,  the  weight  of  a  single  drop  at  the  time  t  is 

(113) 

where  d  is  the  density  of  mercury  ( d  =  13.55  g/cmJ)  at  room  tempera¬ 
ture).  From  this  follows  the  expression  for  the  drop  radius 


By  substituting  the  expression  for  the  drop  radius  thus  obtained 
in  Formula  (112),  we  obtain  for  the  current  density 

/  =  4  j/T '*  n t'l •.  (115) 

As  pointed  out  previously,  the  derivation  of  Formula  (115)  is  not 
rigorous  because  the  movement  of  the  surface  of  the  mercury  drop  in 
proportion  to  its  growth  is  not  taken  into  account  in  its  derivation. 
Accurate  diffusion  theory  [2]  results  in  an  analogous  formula  which 
differs  from  the  above  one  only  by  the  numerical  factor  /7/3f  i.e., 
taking  into  account  the  movement  of  the  surface  of  the  growing  mercury 
drop  leads  to  an  increase  of  the  diffusion  current  of  /7/3  =  1.53 
t.  imes : 

/ “ 4  Vi  T* "  Fc'D',''n'lt  illt  (u6) 

or,  combining  all  the  numerical  coefficients  (including  also  the  der 
ty  of  mercury) 

/  «  0,732  nFc*D'l'm'l»  /•/..  ( 1 1 6a ) 

It  follows  from  Formula  (116)  that  the  current  Intensity  increases 
with  the  growth  of  the  drop  proportionally  to  the  6th  root  of  the  time. 
This  slightly  unusual  dependence  of  the  current  Intensity  increases 
with  the  growth  of  the  drop  proportionally  to  the  6th  root  of  the  time. 
This  slightly  unusual  dependence  of  the  current  intensity  on  time  is  a 
consequence  of  the  superposition  of  two  effects:  on  the  one  hand,  the 

current  increases  because  of  the  surface  increase  which  is  proportional 

r)  /  3 

to  t  and  on  the  other  hand,  the  current  density  is  inversely  propor- 
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tional  to  fch*  square  root  he  t  '~e  b  u3»  the  Sif fusion  is  nonsta- 
tlonarv.  A 3  a  result  of  the  cc  \  Ination  of  the  lotion  of  these  tv/c  fao- 

7  'n 

tors  the  proportionality  I  -  t  '  results. 

This  relationship  can  he  verified  by  recording  by  means  of  a  meas¬ 
urement  device,  which  responds  quickly  to  variations  of  current  inten¬ 
sity  (for  example,  by  means  of  a  short-period  galvanometer  or  oscillo¬ 
graph)  the  current  Inter.- i  ■  i  t  oil  f,  rent  n.um  r.tj  of  the  lifetime  and 

!  /ft 

growth  of  the  drop.  The  functional  relationship  I  corresponds  to 

a  very  steep  parabol*  ...  .ow  .  ir  Pig.  56.  The  current  intensity  in¬ 
creases  suddenly  burin-  the  ‘  mor  p*  of  the  1  '  fetime  of  ’’he  drop 

and  then  the  increase  ' n  tl  eurr  n  a  .t  *  o.*;s  down  markedly.  The 

experiment  actuall;  co.nfirr.s  +  nis  "dr.4-  i  o.-Mp. 

When  the  mercury  dro;  rode  it  used  i  ,  ractice  it  is  not  con¬ 

venient  to  use  the  formula  for  the  diffusion  current  in  the  above  form 


Fig.  56.  Variation  of  the  diffusion  current  of  the  drop  electrode  with 
the  time  t:  1)  True  current  ( 1  ,  =  maximum  value);  2)  mean  current  J;  3) 

current  recorded  by  the  rulv: nometer. 


(Eq.  116a)  because  ir.  this  case  it  would  -cessary  to  follow  all  the 

variations  with  fact-react '  r.g  measurement  devices  which  are  relatively 
difficult  to  hand  Le .  On  the  contrary,  al  variometers  with  a  fairly  large 
period  of  natural  oscillation  are  normally  used  which  follows  varia¬ 
tions  of  the  current  intensity  only  slowly  and  thus  indicate  only  a 
certain  average  current  intensity  during  the  lifetime  of  the  drop. 


If  we  designate  the  life  tine  of  an  individual  drop  by  t,  the  mean 
current  I  can  oe  calculated  in  the  following  manner: 

'< ~ 1  \  l.dt. -4  •  4  V  f  (&)’“  nFSD'l'mW  =  ( x n ) 

o 

«=.  0,627nFc*Dli,mt>*xli* 

It  follows  from  Formula  (117)  that  the  mean  current  during  the 
lifetime  of  the  drop  is  6/7  of  the  current  flowing  through  the  drop  at 

the  moment  of  breakaway. 

In  reality,  as  a  rule,  the  averaging  is  not  complete;  thus,  when 
the  galvanometer  readings  are  recorded  photographically  (during  work 
with  an  automatic  polarograph ) ,  certain  fluctuations  of  the  current 
around  the  average  are  observed.  It  is  essential  that  the  magnitude  of 
these  fluctuations  is  small  compared  with  the  total  current  intensity 
because  otherwise  the  results  of  the  recording  cannot  be  used  for  the 
determination  of  the  current  intensity.  The  current  recorded  by  the 
galvanometer  in  Fig.  56  Is  shown  by  a  dotted  line. 

The  equations  (116)  and  (117)  are  termed  Ilkovic-Rideal-McGillavry 
equations  [2]#  in  the  polarographic  literature. 

It  follows  from  Eq .  (117)  that  the  mean  maximum  diffusion  current 
is  proportional  to  t lie  volume  concentration  of  the  reacting  substance 
1  d  -  c® .  The  proportionality  coefficient  <  =  0.627  n  FD* '  ^  x* '  ^  d  - 

pends  on  several  quantities  which  characterize  the  nature  of  the  react 
ing  particle  ( n  and  D )  and  the  measurement  device  used  (m  and  i ) .  The 
latter  quantities  depend  on  the  shape,  length  and  diameter  of  the  cap¬ 
illary  and  also  on  the  height  of  the  mercury  column.  As  follows  the 

above  presented  theory  and  is  also  confirmed  by  the  experimental  data, 

2.  /  6  1  /6 

tne  ratio  t c/m  t  for  a  given  substance  should  be  constant  and  inde¬ 

pendent  of  the  characteristics  of  the  capillary  which  is  used. 

A  specific  feature  of  the  mercury  drop  electrode  is  a  certain  de- 
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he  electrode  poten- 


pendenee  of  the  limit  diffusion  current  n  U  i  * 
tial.  This  relationship  is  due  to  the  inconstancy  of  the  dripping  peri¬ 
od  x.  The  lifetime  of  an  individual  mercury  drop  is  proportional  in 
first  approximation  to  th**  interfacial  tension  of  the  mercury.  In  fact  , 
the  breakaway  of  the  mercury  urop  tal-^s  place  at  the  moment  when  the 
weight  of  the  hanging  drop  ( Q  *  m )  become*  equal  to  the  holding  power. 
The  latter  is  equal  in  first  approximation  to  F  =  a  •  2nr  (where  j*  is 
the  internal  diameter  of  the  c  .pi. 11  ary  at  the  r  oint  where  the  hanging 
drop  is  attached  to  It}.*  From  this  follows  for  the  dropping  period 

(118) 

During  variation  of  the  a.t  p  elec  rt-c  potential  the  dropping  pe¬ 
riod  should  vary  in  accordance  with  -  cu  c  male  ■  us  to  the  ^lectro- 
capillarity  curve  of  mercury  (.see  §j  of  the  introduction).  The  limit 
diffusion  current  also  varies  in  analogy  with  this  curve;  however,  be¬ 
cause  the  current  1 1  is  proportional  to  ,  the  variation  of  the  lim¬ 
it  diffusion  current  with  potential  is  much  less  than  the  variation  of 
r  with  potential.  Whereas,  for  exam  le,,  in  th»  rc  r,  on  of  the  sere 
charge  point  (i.e.,  lr.  the  usual  solutions  n  a  potential  of  -0.5  v  ac¬ 
cording  to  the  n.r.e.  drop?  ing  period  is  5  seconds,  it  is  about 

3  seconds  at  s  potential  of  —1.7  v.  Correspondingly  the  limit  diffusion 
current  at  —If?  v  ,s  approximately  (3/5)^  ’  or  0.92  of  the  Unit  diffu¬ 
sion  current  at  «  potential  of  —0.5  v;  thus,  as  a  result  of  a  potential 
shift  by  1.2  v,  the  limit  diffusion  current  is  reduced  by  8£.  In  some 
cases  when  considering  the  limit  cv.rre:  mrrower  potential  ranges 

one  can  neglect  thio  slight  dependence  cl  I ^  in  tne  potential. 

Fquatlon  (117)  can  be  applied  with  success  to  the  determination  of 
the  diffusion  coefficient  uf  the  read  ing  substance  from  the  limit  cur¬ 
rent,  obtained  in  a  solution  of  accurately  known  concentrati on .  This 
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method  is  not  very  precise  but  is  characterized  by  simplicity.  In  par¬ 
ticular,  the  dependence  of  the  diffusion  coefficient  of  the  reacting 
substance  on  the  concentration  of  the  foreign  electrolyte  in  the  solu¬ 
tion  can  be  readily  determined  by  means  of  it  [*0. 

53-  SHAPE  OF  THE  POLAROGRAPHIC  CURVES 

All  expressions  for  the  diffusion  current  towards  the  drop  elec¬ 
trode,  derived  in  the  preceding  section,  referred  to  the  case  of  the 
limit  current  when  thr  concentration  of  the  reacting  substances  at  the 
electrode  surface  is  zero.  If  the  concentration  at  the  electrode  sur¬ 
face  has  the  value  c4  which  differs  from  zero,  the  current,  as  in  the 
earlier  discussed  caser,  varies  by  a  factor  of  (a1  -  cs)/c\  The  ex¬ 
pression  for  the  mean  diffusion  current  towards  the  drop  electrode  as¬ 
sumes  the  following  form: 

I =  *  ( c •  -  c*)  -  0,627/iF  (c*  -  c>)  D'l'tn'i •  t*/..  (119) 

If  the  relation  between  electrode  potential  and  the  concentration 
of  the  reacting  substances  and  those  obtained  as  a  result  of  the  elec¬ 
trochemical  reaction  is  known,  an  equation  can  be  derived  by  means  of 
(119)  which  gives  the  relation  between  the  electrode  potential  and  th 
intensity  of  the  polarizing  current,  i.e.,  an  analytical  expression  T< 
the  polarographi c  curve. 

If  metal  ions  are  present  in  the  solution,  an  amalgam  forms  after 
their  discharge  at  the  surface  of  the  drop  electrode  (of  course,  only 
on  condition  that  this  metal  is  soluble  In  mercury).  In  this  case  the 
concentration  polarization  phenomena  at  the  drop  electrode  do  not  dif¬ 
fer  in  any  way  from  the  pattern  described  in  of  Chapter  1  for  the 
amalgam  electrode.  The  potential  of  the  amalgam  electrode  is  expressed 
by  the  formula 


(120) 


?  =  +  in 


The  concentration  of  the  reacting  ions  near  the  surface  is  con¬ 
nected  with  their  volume  concentration  by  the  relation 


where  the  limit  diffusion  current  is  determined  by  Eq .  (117). 

The  diffusion  current  within  the  mercury  phase  which  results  in  a 
transfer  of  the  dissolved  metal  from  the  surface  into  the  volume  of  the 
mercury  drop  is  proportional  to  the  concentration  of  the  metal  at  the 
amalgam  surface.  If  we  apply  the  same  Arguments  to  the  process  of  dif¬ 
fusion  of  the  metal  within  the  mercury  drop  r-s  to  the  difiusion  of  the 
Ions  towards  the  surface  of  the  dr  p,  *  *•  can  <o  shewn  that  the  intensi¬ 
ty  of  this  diffusion  current  is  defined  by  in  equation  which  is  identi¬ 
cal  with  Eq.  (117): 

/«  0,C27nh DU’m'l*  x'l*c*H  -  ( ]  2  2 ) 

except  that  the  values  of  D tJj  and  relate  tc  the  atoms  of  the  metal 
dissolved  in  the  mercury. 

By  substituting  (121)  and  (1 22)  into  the  equation  for  the  poten¬ 
tial  (120)  we  obtain  the  previously  derived  equation  for  the  curve  cf 
tne  concentration  polarisation  at  the  mercury  drop  electrode 

T~?.;.  +  *Tln'iT'-  (123) 

or 

a23a) 


where 


% 


(124) 


As  has  been  shown  earlier,  Eq.  (123a)  corresponds  to  a  curve  with 
a  characteristic  nump  which  is  often  termed  poiarographic  wave. 
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For  small  values  of  the  current  Intensity  (i.e.,  when  I  <<  I at 
r  latively  positive  values  of  the  potential,  the  one  in  the  denominator 
of  the  expression  (123a)  can  be  neglected: 

-  ilT*  t  „  \ 

/  =  const  •  c  ~,,r  ’ 

i.e.,  the  current  intensity  increases  exponentially  if  the  potential  is 
shifted  to  the  negative  side.  With  further  intensification  of  the  cath¬ 
odic  polarization  the  polarographic  curve  deviates  increasingly  from 
exponential  and  approaches  the  limit  current  Intensity  asymptotically. 

If  not  metal  ions,  forming  an  amalgam,  but  other  substances,  capa¬ 
ble  of  being  reduced  at  the  mercury  cathode,  are  present  in  the  solu¬ 
tion,  the  shape  of  the  polarization  curves  in  many  cases  coincides 
nonetheless  with  the  shape  of  the  curve  which  corresponds  to  the  dis¬ 
charge  of  metal  ions.  As  an  example  let  us  consider  one  more  case  in 
which  the  initial  substances  as  well  as  the  reaction  products  are  dis¬ 
solved  in  the  electrolyte  (redox  reactions  of  dissolved  substances).  To 
these  reactions  belong,  for  example,  the  reactions  of  reduction  of  uni¬ 
valent  metal  ions  to  ions  of  lower  valency  (for  example,  Cr+++  +  e  ■* 

+  + 

-  Cr  )  and,  the  reactions  of  reduction  pf  a  number  of  organic  sub¬ 
stances  (for  example,  of  quir.one  to  hydroqulnone  +  2H+  +  2e  ■+• 

-  C6Hi|(OH)2),  etc. 

If  the  redox  reaction  Is  reversible,  i.e.,  If  forms  of  polariza¬ 
tion  other  than  the  concentration  polarization  are  not  observed,  and 
the  electrode  remains  in  equilibrium  with  regard  to  the  composition  of 
tne  layer  of  solution  at  the  electrode,  the  electrode  potential  at  any 
moment  is  expressed  by  a  thermodynamic  equation,  which,  for  example, 
for  the  reaction  of  the  reduction  of  quinone  (kh)  to  hydroqulnone  (gkh) 
assumes  the  form 


(126) 
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In  the  general  case,  i  the  elec  v  lam  cal  reaction  takes  place 
with  participation  of  hydrogen  ^ons  the  concentration  of  the  latter 
around  the  electrode  ciffers  from  their  volume  concentration  in  the 
same  way  as  that  of  the  other  reacting  substances.  Frequently,  however, 
when  reactions  with  organic  substances  are  studied,  the  measurements 
are  carried  out  in  buffer  solutions  wit*  a  fairly  large  excess  of  buff¬ 
er  components  compare'-1  with  the-  concentration  of  the  reacting  substanc¬ 
es.  In  these  cases  the  concentration  of  the  hydrogen  ions  near  the  sur¬ 
face  varies  hardly  at  ail  durinr  the  passage  of  current  and  can  with 
sufficient  accuracy  be  equated  with  the  volume  concentration  uf,+  2  c?.+  . 
This  simplifies  considerably  th  form  the  equation  for  the  polaro- 
graphic  curve  and  facilitates  the  interpretation  of  the  measurement  re¬ 
sults. 


The  concentration  of  the  initial  substances  of  the  reaction  at  the 
electrode  surface  obey  Eq.  (121).  The  concentration  of  the  reaction 
products  at  the  surface  is  not  reduced  in  consequence  of  the  passage  of 
current,  but  increased.  Because  the  diffusion  -urrent  of  the  products 
from  the  surface  into  the  volume  of  the  solution  is  proportional  to  the 
concentration  difference  at  the  surface  and  in  the  volume 

l  =*  *  (ffl  Crib  (127) 


the  concentration  near 


the  surface 


,.9  t  ^ 
MX  "  MX  r  ~ — 
ij 


is  expressed 
-  ~  (v*  c?x  +  /). 

rx 


by  the  relation 
(127a) 


The  first  term  in  brackets  is  equal  to  the  limit  current  of  hydro- 

quinone  towards  tht  electrode,  i.e.,  limit  current  which  would 

be  observed  during  the  anodic  reaction  of  oxidation  of  hydroqulnone . 

This  limit  current  we  designate  by  (the  sign  indicates  that  dur- 

gkh 

ing  the  anodic  reaction  the  current  flows  through  the  cell  in  the  re¬ 
verse  direction  compared  with  the  current  during  the  cathodic  reaction, 
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whose  direction  we  have  conventionally  taken  as  positive). 
Hence 


=  +  (127b) 

Substituting  (121)  and  (127b)  into  Eq.  (126),  we  find  the  follow¬ 
ing  equation  for  the  polarographic  curve 


RT 

V  =*?>/»  +  or  In 


h  -T 


where 


if  —7,  -f 7  ’ 


V'h  =  ?*  +  y-  In  cj,.  4-  In  ~ . 


(128) 


(128a) 


In  the  particular  case  of  I  ,  =  0  (i.e.,  in  solutions  which  do 

agkh 

not  contain  earlier  added  hydroquinone ,  c  ,  -  0),  Eq .  (128)  assumes  a 

gKn 

form  which  coincides  exactly  with  that  of  Eq.  (123).  In  the  particular 
case  of  Id  =0  (or  =  0,  i.e.,  in  the  absence  of  quinone),  Eq. 
(128)  is  transformed  into  the  equation  for  the  anodic  wave  of  the  oxi¬ 
dation  of  hydroquinone 

RT  ^  I  (  0 

t  =  ln - — - •  (129) 


2  F  (-0 

In  its  general  form  Eq.  (128)  encompasses  both  the  process  of  re¬ 
duction  of  quinone  and  the  process  of  oxidation  of  hydroquinone.  Curve 
1  in  Fig.  57  represents  such  a  mixed  anodic-cathodic  polarographic 
wave,  recorded  in  a  buffer  solution  at  pH  =  7.  Curve  2  corresponds  to 
the  cathodic  wave  in  the  absence  of  hydroquinone,  and  curve  3  to  the 
anodic  wave  in  the  absence  of  quinone. 

As  follows  from  the  above  equations,  and  also  from  Fig.  57,  the 
halfwave  potentials  of  the  anodic,  cathodic  and  mixed  waves  coincide. 
This  general  half-wave  potential  thus  characterises  the  redox  syster 
qulnone/hydroquinone .  Because  for  this  system  *  +0.700  v  (n.v.e.), 
and  the  ratio  ^ K khi  close  to  unity,  the  halfwave  potential 


at 


pH  =  7,  according  to  Eq.  (128a),  should  be  <p,  =  0 . 700-0 . 059  •  7  = 
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f  0.287,  which  Is  found  to  It  in  good  agi  ement  w'tn  the  experimentally 

measured  value  of  0.280  v. 

In  a  number  of  cases  the  sr  aoe  c*'  the  polarographic  curve  and  the 
halfwave  potential  frr  the  oxidation  or  reduction  reactions  does  not 
conform  to  the  above-derived  equations.  This  indicates  that  our  assump¬ 
tion  concerning  the  reversibility  of  the  reactions  is  n  t  observed  and 
that  other  forms  of  pclniizat’o  ar  sur erased  on  the  concentration 
polarization.  Several  examples  of  nonre versitle  redox  reactions  will  be 
considered  in  greater  .  .  ptt  r  4. 


Fig.  57  •  Polarographic  curves  for  quinone  and  hydroquinone  in  phosphate 
buffer  solution  at  pH  *  7:  1)  Mixed  anodic  and  cathodic  curve;  2)  cath¬ 
ode  curve  of  quinone  reduction,  3)  anode  of  hydroquinone  oxida¬ 

tion.  A)  Volt  (n.v.e.). 


The  theoretical  interprets  ion  of  the  shape  of  the  polarographic 
curve  for  various  ether  types  of  reactions  (for  example,  for  the  reac¬ 
tions  of  the  discharge  of  metal  ions  from  solutions  of  complex  salts, 
etc.)  is  given  in  the  special  Literature  on  pol arog^aphic  analysis. 

§ h .  PRACTICAL  APPLICATIONS  OF  THE  POLAROGRAPHIC  METHOD 

It  was  clear  from  the  ore  cm  v*  a...’  section  that  aurinr  the  reduction 
of  an  ion  or  neutral  molecule  at  the  mercury  drop  electrode  the  concen¬ 
tration  polarisation  curve  is  the  shape  of  a  wave  and  is  characterized 
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by  two  quantities:  the  height  of  the  wave  *  which  Indicates  the  intensi 
ty  of  the  limit  diffusion  current,  and  the  half-wave  potential. 

As  is  evident  from  Eq.  (12*0,  the  half-wave  potential  during  the 
discharge  of  metals  with  the  formation  of  amalgam  depends  on  the  normal 
potential  of  the  co:  responding  amalgam  electror  1  and  also  on  the  quan¬ 
tities  which  characterize  the  diffusion  of  the  metal  ions  in  the  solu¬ 
tion  and  the  metal  atoms  in  the  amalgam.  The  half-wave  potential  is 
entirely  specific  for  a  given  reaction;  of  particular  significance  is 
the  circumstance  that  the  half-wave  potential  is  independent  of  the 
initial  concentration  that  the  half-wave  potential  is  independent  of 
the  initial  concentration  of  the  reacting  substance.  This  makes  it  pos¬ 
sible  to  gage  the  nature  of  the  reaction  taking  place  at  the  electrode 
surface  on  the  basis  of  the  measured  value  of  this  potential,  i.e.,  the 
nature  of  t  he  reducing  substance  present  in  the  solution. 

The  independence  of  the  half-wave  potential  on  the  concentration 
of  the  reacting  components  (except  the  hydrogen  ions)  is  observed  not 
only  in  the  case  of  metal  discharge  reactions,  but  also,  as  has  been 
shown  in  §3,  for  other  reactions  taking  place  at  the  mercury  drop  elec¬ 
trode,  for  example,  for  the  redox  reactions  of  dissolved  substances. 

Table  2  gives  the  half-wave  potentials  for  several  inorganic  ions. 
More  complete  tables  of  half-wave  potentials  are  given  in  special  text¬ 
books  and  manuals  on  polarography  f  b] .  by  means  of  such  tables  it  is 
possible  in  many  cases  to  determine  the  composition  of  a  solution  qual¬ 
itatively  on  the  basis  of  the  experimental  half-wave  potentials. 

The  height  of  the  polarographlc  wave,  i.e.,  the  limit  current,  is 
proportional  to  the  concentration  of  the  reduced  substance  arid  can  thus 
serve  for  the  quantitative  determination  of  this  concentration.  If  the 
diffusion  coefficient  of  the  reduced  substance  Is  known,  the  propor¬ 
tionality  coefficient  can  be  found  from  the  Ilkovic  equation  (117).  An 
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TABLE  P 


Half-Wave  Potentials  of  V?ricu  "n  ''gan  :  c  .Substances 
(In  relation  to  the  standard  calomel  electrode) 


A  Bcujcctbo 

| 

}  B  Cocioo  pscioopl  (*(}XM|*) 
i 

a  Meflb  Cu  *  * . 

0,1  ii.  KNO, 

-0,02 

b  CypbMa  Sb**‘  . . 

i  o  H.  Ka 

-0.19 

c  CcpcGpo  Ag*  ....  .  .  ...  . 

1  KCNPKWO. 

-0,14 

d  O^obo  Sn‘*  .  .  .  .  . 

2  ii  M  '10,+O.b  K  HQ 

-  0,39 

d  O.iobo  Sri**** . -  .  .  .  . 

2  M.  U<;K\+0,6  h.  HQ 

-0,51 

•r  Crmirti  Pb**  .  .  .  . 

M)  it.  KCI 

-0,47 

f  Tl*  . 

1 ,0  :t.  KG 

•  -0,52 

g  Hn/»ift  . 

!.0  II  Ka 

-  0,03 

h.  K.iAMtirt  C(i“ .  .... 

1,0  ii.  KCI 

—  0,08 

i.  XpoM  Cr**‘  -♦  s" 

0,1  H.  KCI 

-0,92 

k,  U.HHK  In”  .  .  . 

i  o  f.  kg 

-1,06  - 

1»  Himejih  Ni‘*  ... 

1 ,0  II  KCI 

-I.U 

tn*.  KoG.i^ht  Co**  . 

0,1  M.  P.Cl 

-1,24 

*’.«  JKeacao  Fc*  . 

0.!  1,  KCI 

-u* 

o  Mapran?u  Mn*’  .  . 

1,0  tl.  r. c 

-  5 ,55 

p  A.nOMimnft  Al***  .  . 

C.K>  .1  KCI 

-  1,75 

<3.  bap ii A  Ba’* . 

0,1  ii  LiCI 

-1,84 

r  Haip;i.i  Ka* . 

0  1  I-  NiCH,)«a 

-2,15 

S  Ka-iHH  k*  .  .  .  . 

0,1  11.  »S  (CH,),  Cl 

-2.17 

t  Kmmimm  Ca**  . 

0,1  M.  N  (Cli,),  Cl 

-  2,25 

•U  MarHHA  .  .  . 

0,i  II  N(CH,),a 

-2,25 

A)  Substance;  B)  composition  cf  solution  ("background”);  a)  copper:  b) 
antimony;  c)  silver;  d)  tin;  e)  lead:  f)  thallium;  p)  indium;  h)  cadmi¬ 
um;  i)  chromium;  k)  nine;  1)  nickel;  a)  cobalt:  no)  iron;  o)  manganese; 
p)  alumi  u;m;  q)  barium;  r)  sodium;  s)  potassium;  t)  calcium;  u)  magne¬ 
sium;  v)  normal. 


empirical  method  is  often  used,  however,  in  which  the  limit  current  for 
several  known  concentrations  of  the  reduced  substance  is  determined  for 
a  given  apparatus;  the  calibration  curve  thus  obtained  can  serve  for 
subsequent  quantitative  determinations .  The  accuracy  of  quantitative 
determinations  by  means  of  the  polar ogrtfphic  method  is  within  the  lim¬ 
its  of  2- 5£. 

The  diffusior  coefficients  of  u‘f  -  ^t  simple  lens  (with  the  ex¬ 
ception  of  hydrop®:  and  hydroxyl  lor  >  ?nt  differ  greatly.  Hence  in 
a  first,  very  rough  approximation  it  can  be  assumed  that  the  limit  cur¬ 
rent  for  different  ions  at  the  S3me  equivalent  concentration  is  about 
the  same.  This  makes  it  poc  -ible  to  estimate  the  concentration  of  dif- 


fe|*ent  Iona,  using  the  calibration  curve  for  a  single  ion. 

Tf  several  substances  are  present  in  the  solution,  capable  of  be¬ 
ing  reduced  at  the  mercury  drop  electrode  or  if  the  electrode  reaction 
can  take  place  in  several  consecutive  stages,  a  concentration  polariza¬ 
tion  curve  is  obtained,  consisting  of  several  wavelike  humps  (Fig.  58). 
If  the  voltage  applied  to  the  polarographic  cell  is  gradually  increased 


Fig.  58.  Polarographic  curve  in  the  si¬ 
multaneous  prese'  ^e  of  three  reducible 
substances  in  thu  solution.  A)  Volt. 

fi.e.,  if  the  potential  of  the  drop  electrode  is  gradually  shifted  to 
the  negative  side),  the  deposition  of  the  ion  whose  halfwave  potential 
has  the  most  positive  value  begins  first.  During  th^  deposition  of  tl 
ton  the  current  consumed  for  the  discharging  of  the  other  ions  is  as 
yet  small  and  can  be  neglected.  Hence  the  conditions  of  discharge  of 
1  he  first  ion  within  a  certain  potential  range  are  the  same  as  if  th< 
other  ions,  also  capable  of  being  discharged,  were  entirely  absent.  The 
height  of  the  step  a  (Fig.  58)  corresponds  to  the  limit  current  of  the 
first  ion. 

With  further  shift  of  the  potential  of  the  drop  electrode  to  the 
negative  side  and  its  approach  to  the  halfwave  potential  of  another 
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c-lectrode  reaction  (for  example,  the  in  of  reduction  of  the  sec¬ 

ond  cation)  the  rate  of  this  second  re;  t  i  t.  increases  and  is  super¬ 
posed  on  the  first  reaction.  A  n*  w  v  av ••  •  r.d  n  w  limit  current  appear 
on  the  Dolarcg.raphl  c  curve-  It  *  nhvl  u  that  t  i .  ^  total  limit  current 
of  the  second  step  b  is  equal  to  cur  f  th  i Lmit  currents  due  to 
the  reduction  of  the  fir  t  and  second  io-  . 

If  the  half-wave  potentials  differ  suffU  iently  one  can  decipher 
the  process  of  deposition  of  ch  ion  ir.de  endentiy  of  the  simultaneous 
deposition  of  the  other  lone.  practice  uo  to  4-6  such  waves  can  be 
obtained  on  a  single  polar  :  *  on*  nr  perr  sit  ion.  If  the  half¬ 

wave  potentials  of  two  cr  \  -a'  r ut  •  r  .  are  too  c  ost  to  each  oth¬ 
er  (for  example,  they  are  a'  ilst-r  °  •  an  0.7  v),  the  Indi¬ 
vidual  waves  cannot  be  considers  d  as  separate  ach  other  and  their 

separation  will  not  be  very  acc  inn  . 

It  follows  from  the  foregoing  that  the  polarographic  method  makes 
possible  the  qualitative  arH  quantitative-  analysis  of  a  solution  con¬ 
taining  one  or  several  substm  ■  ;  capable  of  X  inr  reduced  at  the  cath¬ 

ode  (or  oxidized  at  che  anode)  of  the  m.ercuv  drop  electrode.  The  com¬ 
plete  analysis  of  the  solutirtr  is  carried  cut  by  the  r  .cording  of  the 
concentration  polarizatlo  curve?  which  takes  2  to  15  minutes  and  re¬ 
quires  only  a  very  small  volume  of  solution  (from  10  to  0.1  ml).  The 
pclaroprsphic  method  is  particularly  suitabl  for  the  analysis  of  solu- 

o 

tions,  containing  the  test  components  In  1 ow  concentrations,  for  exam- 

_ li  —2 

pie,  from  10  to  10  equivalents/1  iter  pnlarographlc  study  of  1 

ml  of  a  10"14  M  solution  does  not  difficulty  although  only 

10**'  equivalents  f  the  t  '  -  for  example  ,  for  zinc  0.003 

mg)  is  contained  In  this  quantity  of  solution.  If  necessary,  the  sensi¬ 
tivity  of  the  poiarographic  method  can  be  Increased  by  one  or  two  more 
orders  of  magnitude. 


The  practical  applicability  of  the  polarographic  method  is  very 
diverse  and  broad.  By  means  of  it  one  can  determine  nearly  all  metal 
cations  and  several  oxygen-containing  and  oxygen-free  anions  under  the 
corresponding  conditions.  This  method  is  widely  used  for  the  determina¬ 
tion  of  small  Quantities  of  impurities  in  metals  or  ores.  Thus,  for  ex¬ 
ample,  It  is  possible  to  determine  from  a  single  sample  the  content  of 
copper,  lead,  cadmium  and  zinc  in  aluminum,  while  the  normal  chemical 
determination  of  such  impurities  involves  considerable  difficulties. 

Of  great  importance  is  the  polarographic  investigation  of  organic 
substances.  A  number  of  organic  substances  which  are  difficult  to  de¬ 
termine  when  they  are  present  simultaneously  by  the  usual  analytical 
methods  can  be  analyzed  by  the  polarographic  method.  In  addition  to 
analytical  purposes,  the  polarographic  measurements  can  be  used  for  the 
determination  of  the  mechanism  of  organic  reactions  and,  in  individual 
cases,  also  for  the  elucidation  of  certain  peculiarities  of  the  struc¬ 
ture  of  organic  compounds. 

The  polarographic  method  has  also  found  widespread  application  in 
biology  and  medicine.  It  is  most  often  used  for  the  determination  of 
different  organic  and  inorganic  components  of  various  biological  mate 
rials  and  preparations  (blood,  etc.).  By  means  of  it  one  can  trace  the 
variations  In  the  composition  of  such  preparations  in  pathological 
processes.  Thus,  for  example,  the  question  of  the  feasibility  of  early 
cancer  diagnosis  by  means  of  polarographic  analysis  of  blood  serum  has 
often  been  discussed  in  the  literature. 

Not  being  In  a  position  to  dwell  in  greater  detail  on  the  numerous 
practical  applications  of  polarography  here,  we  refer  those  interested 
to  the  special  literature  on  these  problems  [6]. 
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5  5 .  CHARGING  CURRENT 

In  the  practical  utilize  n  i  \)  ■  •  nn 

counter  various  peculiar  phenomena  connected  wi 
of  this  elect  rode.  We  shall  ci’rcvi;  r  '* 
these  phenomena,  the  charging  v'r 
called  pol arographlc 


Fig.  59-  a)  Influence  ox’  the  charging  curve  nt 
larographic  curve;  1)  charging  current;  2) 
larographic  curve  from  whi  the  rgi.ng 
charging  current  of  the  mercury  drop  electrode 
of  the  mercury  surface.  A'  7 >H  m.  e.). 


It  follows  from  tv  '  .j  •  !  In 

the  absence  of  redid1"!  sun  4  ,c  In  ’■  "  l  i 

lr.g  through  he  irot  dectr  j  1  , 
urener.tr.  are  carded  at  In  rucc.  a  .  Lu*  !  ,  f 

of  potassium  chloride,  !> cm  \’h  c  t  n- 
fully  removed,  then  even  in  Uw  range, 
t as slum  ion  does  not  yet  take  ;  i  -e, 
pass  through  the  c  11.  When 

acive  to  the  normal  calomel  e  eoti  4  ,  t'r.t  ’.art 

cell  Is  negative,  i.e.,  r  ye  red  In  direction  r 
current.  At  larger  voltage  ‘t  c.oanger  sign.  In 


i  ]  e1 1  ctrode  we  en- 
*  he  specific  features 
a  tor  detail  two  of 
t.  iectrode  and  the  so- 


.  hape  of  the  pe- 
■ar  hie  curve  ;  3 )  po¬ 
teen  deducted;  b) 
w  to  positive  charging 

^‘  d!ng  recti' ns  that  in 
tion,  the  current,  oass- 
ze  <” .  .  If,  however,  meas- 
”  xample,  in  a  solution 
oxygen  has  been  care- 
’ senarge  of  the  po- 
-•urrent  is  seen  to 
less  than  0.5  v  rel¬ 
it  passing  through  the 
iat  ’  ve  to  the  reducing 
r,rst  approx irnat ion  the 
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current  varies  linearly  with  the  electrode  potential  (see  Fig.  59a, 
curve  1).* 

The  existence  of  a  current  independent  of  the  occurrence  of  elec¬ 
trode  reactions  at  the  electrode  surface  is  connected  with  the  growth 
of  the  drop  and  the  presence  of  a  double  electric  layer  at  the  inter¬ 
face  between  drop  and  solution,  as  has  been  briefly  explained  in  the 
lntroduct ! on . 

Let  us  assume  that  the  mercury  drop  electrode  Is  immersed  in  a  so¬ 
lution  of  potassium  chloride  and  that  the  mercury  drop  is  at  a  more 
positive  potential  than  the  potential  of  the  zero  charge  point  (which 
is  approximately  -0.5  v  relative  to  the  normal  calomel  electrode  in 
such  a  solution).  At  these  potentials  the  mercury  drop  is  charged  posi¬ 
tive  and  attracts  an  equivalent  quantity  of  negative  charges  (ions) 
from  the  solution  towards  the  surface.  If  the  electrode  surface  in¬ 
creases  as  is  the  case  during  the  operation  of  the  drop  electrode,  and 
If  the  electrode  potential  is  held  constant  during  this,  a  certain  ad¬ 
ditional  number  of  positive  charges  must  be  imparted  to  the  drop  to 
preserve  a  certain  charge  density  of  the  surface.  Thus,  the  grovrth  of 

the  drop  at  constant  potential,  independent  of  any  electrochemical  rt 

* 

actions,  involves  the  passage  of  a  current  which  is  conventionally 
termed  charging  current  or  non-Faraday  current.  The  direction  of  flow 
f  the  charging  current  in  the  case  of  a  positively  charged  mercury 
surface  is  indicated  by  arrows  in  Fig.  59b. 

In  polarographlc  measurements  of  reduction  processes  the  cathode 
current  is  usually  plotted  on  the  ordinate  axis;  with  this  method  of 
graphic  representation  the  charging  current  for  the  positively  charged 
mercury  surface,  whose  direction  is  opposite  to  that  of  the  cathode 
current,  has  a  negative  value. 

We  designate  the  surface  charge  density  (i.e.,  the  number  of 
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charges  in  the  double  layer  m  i 
of  the  growing  drop  by  r  . 


mercury ,  i . e . , 


Using  the  earlier  dor ' .or 
function  of  time,  we  obtain: 


'•-*(&) 


err.  .a* 

r  f  u  l  0  ! 

o  t  and  the  radius 

*  iy 1  cu 

*  ►a 

* 1  ^  i 

.’<  v  ing  to  tr.e  drop, 

’  t  h  < ’  1  t  r  e 

t  0 1.  a  1 

urface  charge  on  the 

•Ircph  —  c  •  4r.  '' 

<'!)• 

(130) 

let  I  o  n  j.  1 

•'•)  ft  r 

the  drop  1‘adius  as  a 

I/,  »  O 

' 131) 

The  mean  charging  cm  -r  -  single  d^op, 

i.e.,  the  quantity  which  Is  :  ■  o  i  ;  .laeograi  l.ic 

measurements,  is 


/.=  '  \  Kdt  ktr-v>  sr  ^  (132) 

6 

9 

where  5  *  k\~'  is  the  surfac-  ,r  a  •’  Uv  j.  ot  ‘  he  moment  f 

breakav  ay . 

It  is  evident  from  Formula  arcing  current  d^ops 

ir  prooortion  to  tne  rrow^h  o **  *■  d ’  nci  arm  n  the  time  t )  . 
At  the  initial  moment  of  Mne  (*  =  r' )  ‘he  c!  -  >  »  current  is  very 
large  because  at  that  moment  t>  •  r  ‘e  0''  growth  f  the  surface  is  a 
maximum  (mathematically  the  charging  current  assumes  an  infinite  value, 
v'hich  f  course  docs  not  have  any  \  •  il  meaning  and  results  in  con¬ 

sequence  of  simplified  assump"  cns).  A  'an  be  t  from  Eq.  (132),  the 
charging  current  is  proportional  t  y  density  e.  At 

the  aero  charge  point  it  vani  ht  .  •  n  -•  v  potentials  tne  sur¬ 
face  charge  c  assumes  negat i •  .  •  1 1  tv  vuiy  g  current  coin¬ 

cides  in  direction  with  th  cathode  cur”-  t. 

If  an  electrochemica 1  r  .ectlor;  (<  r  ox!  lotion)  reaction  takes 
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place  on  the  surface  of  the  drop  electrode,  the  charging  current  is 
superposed  on  the  discharge  current.  Figure  59a  shows  the  charging  cur- 

S  / 

rent  (curve  1)  and  the  reduction  current  (curve  3)  as  functions  of  the 
potential.  The  total  current  (curve  2)  measured  by  the  galvanometer  is 
the  sum  of  the  reduction  and  charging  currents.  At  more  positive  poten¬ 
tials  than  the  zero  charge  point  its  absolute  value  is  slightly  less 
than  that  of  the  reduction  current,  and  at  more  negative  potentials  it 
is  slightly  higher. 

The  order  of  magnitude  of  the  charging  current  is  easily  calculat¬ 
ed.  Assuming  that  the  drop  is  formed  within  three  seconds  and  that  the 

drop  diameter  at  the  moment  of  breakaway  is  1  mm.  In  this  case  the  sur- 

2 

face  of  the  drop  during  breakaway  is  approximately  0.03  cm  ,  i.e.,  the 

2 

surface  area  increases  on  the  average  by  0.01  cm  .  As  we  know  from  the 
study  of  the  structure  of  the  double  layer,  at  a  potential  of  the  mer¬ 
cury  electrode  which  is  more  negative  than  the  zero  charge  point  by  1 

v,  the  value  of  e  can  be  assumed  to  be  10  •  10~°  coulombs/cni  .  It  follow: 

—7 

that  the  charging  current  for  this  potential  is  of  the  order  of  2*10 
amp.  The  reduction  current  depends  on  the  concentration  of  the  reacting 
substance  according  to  Eq.  (117).  For  low  concentrations  (10  equiv. 
Jlter)  the  charging  current  is  comparable  with  the  current  of  the  elec¬ 
trochemical  reaction.  For  this  reason,  when  carrying  out  quantitative 
determinations  in  the  case  of  low  concentrations  of  the  reacting  sub¬ 
stances  it  is  essentia]  to  take  into  account  the  charging  current  and 
to  introduce  a  corresponding  correction  into  the  observed  current.  The 
existence  of  the  charging  current  limits  the  application  of  the  polaro- 
graphic  method  of  analysis  at  low  concentrations  of  the  test  substance 

_ n 

(under  10  equiv . /liter ) . 

*  > 
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§6.  POLAROORAPHIC  MAXIMA 


In  the  discussion  of  the  diffusion  phenomena  at.  the  drop  electrode 
we  have  assumed  that  the  growth  of  the  drop  doe?  not  cause  mixing  of 
the  solution,  i.e.,  that  it  takes  pine  ii  the  tarn  way  a:;,  for  exam- 
pie,  the  growth  of  an  inflatable  balloon,  whose  surface  elements 

are  all  moving  in  a  strictly  radial  Jie  lot.  •  p;  g.  60). 


Radial  growth 
of  the  mercu¬ 
ry  drop. 


0 '  1.0 

Fig.  61.  Polarographlc 
the  lrt  kind.  A)  Volt. 


*  '*5  fttuiom 

maximum  of 


In  actual  fact  tangential  movemer  ;  at  the  surface  of  a 

mercury  drop  during  its  growth  whir’!  .  *j.  n  .idaitlonal  mixing  of 

the  electrolyte.  If  too  measurements  electrode  are  carried 

out  under  conditions  in  which  these  tangential  movements  are  not  com¬ 
pletely  inhibited,  current  interrit.es  ••.re  hserved  in  consequence  of 
this  agitation  which  many  times  exc  ’d  *  tv  values  corresponding  to  dif¬ 
fusion  with  strictly  radial  growth  ft:1  ^  n.  anomalously  large 

currents  are  often  observed  within  a  c  limited,  not  very  wide  po¬ 
tential  range;  sections  with  suede*-*  n  In  cu  *rent  appear  on  the 

current-potential  curves  i  n  tr.ese  ,  whir  nrr  termed  polarographic 

maxima  (see  Fig  61). 

One  of  the  possible  causes  of  the  at p» arance  of  tangential  move- 
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merits  Is  connected  with  the  unequal  polarization  of  the  surface  of  the 
mercury  drop.  The  potential  of  every  part  of  the  electrode  surface  is 
a  function  of  the  current  density  established  on  it.  During  the  passage 
of  current  through  the  circuit  with  the  drop  electrode  the  current  is 
not  distributed  completely  uniformly  along  its  surface;  the  current 
density  is  greater  in  the  lower  parts  of  the  drop,  primarily  because 
the  upper  part  of  the  drop  is  to  some  degree  shielded  by  the  end  of  the 
capillary.  For  this  reason  the  potential  differs  slightly  at  different 
parts  of  the  surface,  which  in  turn  causes  a  nonuniform  distribution  of 
the  surface  tension  at  the  drop.  If  the  surface  tension  at  different 
points  of  the  drop  surface  is  different,  a  movement  of  the  mercury 
along  the  surface  from  the  parts  with  lower  surface  tension  (trying  to 
expand)  to  the  parts  with  higher  surface  tension  (which  try  to  con¬ 
tract)  takes  place.# 

If  the  electrochemical  reduction  reaction  takes  place  at  poten¬ 
tials  corresponding  to  the  positive  branch  of  the  electrocapillarity 
curve,  i.e.,  at  potentials  which  are  more  positive  than  the  zer^  chav,'T' 
potential,  the  surface  movement  is  directed  from  the  upper  parts  of  tl 
mercury  drop  towards  its  lower  parts  (so-called  positive  polarographi c 
maxima).  This  Is  due  to  the  fact  that  the  lower  parts  of  the  drop,  at 
which  the  current  density  Is  greater  and  which  consequently  have  a  mon 
negative  potential,  have  a  greater  surface  tension  in  this  case.  The 
additional  supply  of  discharged  substance  due  to  mixing  takes  place  un¬ 
der  these  conditions  mainly  from  above  which  reduces  the  concentration 
polarization,  shift, s  the  potential  of  the  upper  parts  of  the  drop  to 
the  positive  side  and  Increase  the  potential  difference  and  the  surface 
tension  difference  between  different  parts  of  the  drop  even  more,  i.e., 
increase  the  tangential  movement  even  more  (Fig.  62a).  Such  an  intensi¬ 
fied  mixing  can  cause  a  tenfold  Increase  in  current  intensity.  When  the 
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negative  potential  of  the  d^op  is  ns  <  <  '  v  r  ’oacbes  the  poten¬ 

tial  of  the  point  of  the  el  octrocapillurit.v  i  '  Inur  th  surface  ten  ion 
gradient  along  the  drop  surface  disappears,  ht  ive  .ent  ceases  and  the 
current  drops  suddenly  to  the  usual  magn.^tudi  c  °  the  diffusion  current. 

At  potentials  corresponds t  S'  t  he  ;  •■-rat  ive  brvnch  of  the  <.  lectro- 
capillarity  curve,  the  electrochemical  reaction  causes  a  movement  in 
the  opposite  direction  because  a  lower  su-  . a.  i  r  n  corresponds  to 

the  more  negative  potential  of  be  lover  par'  'r  t  d'-or  tnegativ° 

polarographic  maxima,  ' .  In  this  case  the  supply  of  reducible 

substance  takes  place  downward:  rid  do  n  nr  '  a  t  e  potential 


I  ( 


/ 


Pig.  62.  Movement  of  the  surface  or 
form  polarization :  a)  With  pcs  tive 
with  negative  surface  cuarg  or.  the 


the  iner  i:  v  ar-of  ,  caused  by  nonuni¬ 
surface  ci. urge  on  the  mercury;  b) 
mercury . 


difference  between  the  upper  and  lowei  parte  ’  the  drop,  but,  on  the 
contrar,  ,  reduces  it  so  much  under  certain  or  11  a  ions  that  the  surface 
movement  ceases.  In  consequence  of  this  t  h<=  r  tive  polarographic  max¬ 
ima  are  usually  less  pronounced  than  ~  '  v  raxima.  A  more  de¬ 

tailed  analysis  of  the  origin  of  th'  n  '  -i  ent  B]  leads  to  the  conclu¬ 
sion  that  even  in  the  case  of  nega  m  i  an  increase  in  the  polar¬ 

ization  beyond  a  certain  limit  results  in  a  cer  atlon  of  the  tangential 
movements  and  a  drop  of  the  urrent  intensity.  Pecause  the  nonuniform 
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polarization  is  connected  with  the  difference  in  the 
ohmic  potential  drop  along  the  path  of  the  current 
towards  different  parts  of  the  drop,  the  above-de¬ 
scribed  polarographic  maxima  (the  positive  as  well  as 
the  negative  ones)  are  more  pronounced  if  the  solu¬ 
tion  has  a  high  specific  resistance  and  high  current 
density,  i.e.,  at  a  low  background  concentration  and 
a  relatively  high  concentration  of  the  reducible  sub¬ 
stance. 

Another  possible  cause  of  the  appearance  of  tan¬ 
gential  movements  on  the  surface  of  the  mercury  drop, 
as  T. A .  Kryukova  [9]  has  shown,  is  connected  with  the  flow  of  the  mer¬ 
cury  from  the  capillary  and  the  growth  process  of  the  drop  itself.  The 
mercury  flows  out  from  the  capillary  in  the  form  of  a  thin  jet  which 
penetrates  the  hanging  drop  to  its  lower  part.  Because  of  the  presence 
of  surface  tension  this  jet  cannot  leave  the  drop  Itself,  hence  it  is 
bent  and  rises  along  the  drop  surface  (Pig.  63).  The  real  growth  mech¬ 
anism  of  the  drop  thus  differs  from  the  purely  radial  growth,  shown  in 
Pig.  60.  The  velocity  of  these  surface  movements  dppends  on  the  rate  c 
flow  of  the  mercury  from  the  capillary.  In  contrast  to  the  above-dis¬ 
cussed  case,  under  otherwise  equal  conditions,  it  is  greatest  at  the 
zero  charge  point  of  the  mercury  surface.  If  the  potential  is  shifted 
to  either  side  from  the  zero  charge  point,  the  velocity  of  the  surface 
movement  decreases  because  the  charges  appearing  on  the  mercury  surface 
Inhibit  the  movement.  The  mechanism  of  this  inhibition,  which,  as  the 
quantitative  theory  shows,  is  proportional  to  the  square  of  the  surface 
density  of  the  charge  on  the  drop  and  inversely  proportional  to  the 
specific  electrical  conductivity  of  the  solution,  will  be  elucidated 
further  on.  Thus  the  increase  in  the  current  in  this  case  has  the 


Fig.  63.  Move¬ 
ment  of  the 
surface  of  the 


mercury  drop 
caused  by  the 
flow  of  the 
mercury  from 
the  capillary. 


iowly  with  re- 


greatest  effect  at  the  zero  charge  point  i  1  rtt 
cession  of  the  potential  to  el  then  side  of  1  „  s  point  (Fig.  bh).  The 
maxima  on  the  current-voltage  curve  caused  t  the  ‘Mow  of  mercury  we 
shall  term  polarographic  maxima  of  the  <  >.d  /In  r  conti  ast  to  the 
above-described  maxima  of  the  1 u <  Mid.  ■  reasons  which  will  oo  ex¬ 
plained  further  on,  the  maxima  of  the  2 nd  !  i * .  me  stror  '<  if  the 
background  concentration  is  Igh  r. 


Fig.  64.  Polarographic  maximum  of  the_second  kind  on  the  polarisation 
curv«  in  a  solution  of  3  N  XC1  +  3*10  u  K  KgCl  'thick  lint'.  The  dot¬ 
ted  line  indicates  the  current  intensities  which  are  not  distorted  by 
tangential  surface  movements.  The  arrows  indicate  t he  relative  speeds 
of  the  surface  movement  at  different  potentials.  A)  Volt  (n.k.e.). 


It  follows  from  the  above-state  :  that  low  nally  exists  at  the 
surface  of  the  mercury  drop  vhien  results  In  a  mixing  of  the  liouid. 

The  e  flows  an  he  made  visible  if  a  finely  divided  powder,  for  exam¬ 
ple,  °ctivat"  i  carbon,  is  suspended  in  th  1  low’d.  These  effects  (par¬ 
ticularly  the  effect  of  the  2nd  kind)  are  inseparably  linked  with  the 
operation  of  the  drop  electrode  and  thus  it  would  seem  that  >ne  cannot 
but  take  into  account  the  intensi float.'  '  f‘u  j  n  due  to  the  mix¬ 

ing  of  the  liquid. 

Nonetheless  the  diffusion  cu’r  at,  e^errinod  in  polarographic 
studies,  agrees  in  many  cases  well  with  tne  values  calculated  by  means 
of  the  above-presented  formulae  for  diffusion  towards  a  radially  grow- 
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ing  drop;  in  other  words,  the  tangential  surface  movements  do  not  af¬ 
fect  these  measurements.  This  can  be  explaint  1  only  by  the  fact  that 
conditions  could  be  found  under  which  these  tangential  movements  of  the 
mercury  surface  are  practically  completely  inhibited,  i.e  ,  under  which 
the  surface  does  not  possess  the  mobility  which  is  normally  typical  for 
a  liquid  surface  and  behaves  like  the  surface  of  an  inflated  rubber 
balloon.  These  conditions  were  first  found  experimentally  and  have  only 
recently  been  interpreted  theoretically. 

The  simplest,  although  not  the  only,  method  of  suppressing  the 
tangential  movements  which  has  long  been  used  consists  in  the  addition 
to  the  solution  of  small  quantities  of  a  substance  capable  of  being  ad¬ 
sorbed  on  the  mercury  surface.  The  mechanism  of  action  of  such  a  sur¬ 
face-active  substance  can  be  visualized  in  the  following  manner.  V/hen 
the  mercury  surface  moves,  for  example,  from  the  lower  to  the  upper 
part  of  the  drop,  the  surface  concentration  of  the  adsorbed  molecules 
changes:  in  the  lower  part  of  the  drop  in  which  the  surface  is  dilated, 
this  concentration  decreases;  in  the  upper  part,  where  the  surface  con- 
i racts,  it  Increases.  In  the  lower  part  of  the  drop,  owing  to  the  par- 

t 

t.lal  removal  of  the  adsorbed  molecules,  the  surface  tension  Increase  i 
the  increase  in  the  concentration  of  adsorbed  molecules  in  the  upper 
part  of  the  drop,  by  contrast,  results  in  a  lowering  of  surface  ten¬ 
sion.  As  a  result  forces  appear  acting  along  the  surface  from  the  upp 
part  of  the  drop  to  the  lower,  i.e.,  in  a  direction  opposite  to  the 
surface  movement  which  tend  to  stop  it.  In  the  presence  of  adsorbed 
particles  the  surface  thus  has  a  certain  elasticity.  Under  favorable 
conditions  the  braking  effect  due  to  adsorption  is  so  great  that  the 
tangential  movement  of  the  mercury  surface  is  completely  arrested. 

One  would  think  that  the  charges  of  the  double  layer  should  exert 
a  braking  effect  on  the  surface  movement  like  that  of  the  adsorbed 


molecules.  Actually  when  the  chargeci  surface  extended,  its  surface 
tension  Increases  and  if  It  is  comprise  ,  It  drops,  pf cause  the  dlf 
ferences  In  the  surface  charge  density  li  different  parts  of  the  drop 
can  be  equalized  because  of  the  volume  ^1<  ctrie,  i  >  nductlvlty  of  the 
solution,  the  braking  effect  by  the  charger  Is  strongest  at  low  elec¬ 
trolyte  concentrations  which  causes  a  narrowing  of  the  potential  range 
within  which  maxima  of  the  2nd  kind  are  oh.  >rved,  in  proportion  to  the 
decrease  in  the  background  concentration. 

The  complete  theory  of  these  phenomena  has  been  worked  out  rela¬ 
tively  recently  and  a  more  detailed  examination  of  is  impossible 
within  the  framework  of  the  present  or.  [  ]. 

Every  influence  which  impedes  the  tangential  movement  of  the  sur¬ 
face,  such  as,  for  example,  the  addition  of  surface-active  substances 
to  the  solution,  results  in  a  depressir  of  the  r;.ax  na  and  the  estab¬ 
lishment  of  a  current  intensity,  which  agrees  wit. I  th  Tlkcvic  equa¬ 
tion. 

Current  measurements  in  the  presence  of  pol arorraphic  maxima  can 
also  be  used  in  analytical  chemistry  becaust  the  decrease  in  the  rate 
of  motion  of  the  surface  of  the  mercury  drop,  as  a  result  of  which  the 
n.u <imum  current  decreases,  is  a  measure  of  the  content  of  surface-ac¬ 
tive  substances  in  the  solution.  The  polarograDhic  maximum  thus  can 
serve  1’or  the  determination  of  traces  of  organic  surface-active  sub¬ 
stances  which  are  not  reduced  at  tlr*  mercury  calomel  cathode  and  which 
cannot  be  determined  by  the  usual  polar  or-  ■■  ’c  methods  [11]. 

§7.  OTHER  FORMS  OF  P0LAR0GRAPH1C  A’lAIY.  I 

The  drop  electrode  has  two  basic  advantages  which  are  responsible 
for  its  widespread  introduction  into  the  practice  of  electrochemical 
ir/e  1 1 gat  ions:  1)  owing  vo  the  constant  renewal,  the  surface  o^  the 
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mercury  drop  is  not  contaminated  and  its  properties  are  always  easily 
reproducible;  2)  if  the  dropping  rate  is  constant,  the  limit  diffusion 
current  has  a  fully  defined  value  which  can  be  calculated  in  advance  by 
means  of  Eq.  (11).  However,  as  is  evident  from  §§  5  and  6,  the  use  of 
an  electrode  with  a  mobile  surface  which  varies  with  time  also  involves 
a  number  of  inconveniences.  Other  variants  of  the  polarographic  method 
have  also  been  proposed  recently  in  which  these  difficulties  are  cir¬ 
cumvented.  Thus,  instead  of  a  drop  electrode  one  can  use  a  rotating 
solid  electrode,  for  example,  a  disc  electrode;  in  this  case  the  limit 
current  is  calculated  by  means  of  Eq .  (85).  If  the  voltage  applied  to 
the  rotating  electrode  immersed  in  a  solution  of  reducible  substances 
is  increased,  then,  as  in  the  case  of  the  drop  electrode,  a  series  of 
waves  is  obtained,  whose  height  is  proportional  to  the  concentration  of 
these  substances.  The  rotating  solid  electrode,  made,  for  example,  of 
platinum,  is  free  of  the  above-described  deficiencies  of  the  mercury 
drop  electrode  and  can  be  used  for  the  study  of  reactions  taking  place 
at  more  positive  potentials,  at  which  mercury  is  already  subject  to  ox¬ 
idation.  However,  its  use  requires  a  certain  mechanical  device  for 
maintaining  a  constant  rate  of  rotation.  A  certain  Inconvenience  con¬ 
sists  also  in  the  fact  that  the  surface  of  such  an  electrode  varies 
when  solid  substances  are  deposited  on  it  as  a  result  of  the  electro¬ 
chemical  reaction. 

An  interesting  form  of  current  as  a  function  of  voltage  is  ob¬ 
tained  in  the  case  of  application  cf  a  voltage  which  Increases  with 
time  to  an  electrode  immersed  in  a  quiescent  liauid.  In  this  case  the 
current  intensity  also  increases  with  approximation  to  the  potent iai  at 
which  a  reduction  of  the  dissolved  substance  is  possible.  With  further 
increase  in  the  voltage  the  current,  however,  does  not  go  over  into  a 
constant  diffusion  current,  as  in  the  case  cf  the  rotating  electrode, 


because  with  the  passage  of  tine  the  diffusion  front  In  removed  from 
the  electrode  surface  (see  510  of  Chapter  1)  and  th°  supply  of  sub¬ 
stance  to  the  electrode  is  slowed  down.  Inst  ad  of  th*  wave  which  char¬ 
acterizes  the  reduction  reaction  in  the  usual  polar  ran,  a  curve  with 
a  maximum  is  obtained  in  this  case.  Because  unde:  the  usual  conditions 
a  certain  of  th'  liquid  always  takas  pl*ee  near  the  electrode 

surface,  caused  by  the  variation  of  the  dunalty  of  the  solution  during 
electrolysis,  it  is  necessary,  when  usln  the  last  method,  to  carry  out 
the  potential  vuriatl  .  within  a  short  int  erval  of  time,  during  which 
the  diffusion  front  cannot  mov»  away  "v  r  surfs  *  ■  distances  at 

which  the  nixing  of  the  liquid,  caused  fy  Lural  convection,  already 
exerts  an  effect.  In  this  case  it  must  t  ’  ■  r’  vy  that  if  the  poten¬ 
tial  is  varied  rapidly  a  considerable  part  :  r^nt  is  expended 

for  the  charging  of  the  electrode  surface  (set?  of  the  introduction). 
If  t-he  tine  during  which  the  potential  variation  *  a ^ r  place  is  short 
compared  with  the  dropping  period,  then  the  drop  ctrode  can  also  be 
used  with  this  forrr.  of  polarographic  analysis  and  its  advantages,  con¬ 
nected  with  the  possibility  of  renew i nr  i.v  .t-lace,  can  be  retained. 
The  use  of  an  oscillograph  is  essential  for  the  recording  of  the  cur¬ 
rent  Intensity  variation  with  time  during  rapid  potential  variation 
[12]. 
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In  polarography  (sits  arc  norma  y  ua«d  as  "i.nckpround'’  with  . 
cations  which  are  difficult  to  u  reha^g*  one  anions  which  are 
not  reduced,  for  exam  le,  the  ehlor’d  ••  or  sulfates  of  the 
alkali  metals  (potassium,  "odlur,  llth’ur  and  r.ometir.;es  di¬ 
lute  acids.  In  cases  v/here  the  proces  Investigation 

takes  place  only  at  very  strongly  neget  potentlils  (see  L*/ 

§*J  of  the  present  charter;,  ’t  Is  best  t  use  salts  of  sub¬ 
stituted  ammonium  as  background,  for-  example,  tetramethylam- 
monium  chloride,  who.  n  cation-  are  even  r  re  difficult  to 
discharge  on  the  mercury  surface  thr  *  h  cations  of  the  al¬ 
kali  metals. 

In  order  to  keep  the  rate  of  flow  mutant ,  the  pressure  on 
the  mercury  which  flows  out  must  he  constant.  The  latter, 
however,  varies  slightly  during  the  growth  of  the  drop,  name¬ 
ly:  it  decreases  by  the  amount  of  the  capillary  pressure 
withii  the  drop  which  is  2 a/v  . 

Attempts  have  been  made  recently  tc  improve  Eq.  (116)  by  tak- 
'  ng  into  account  the  gradual  chang*  from  nonstationary  to 
stationary  diffusion  in  Drop  rtion  fo  the  growth  of  the  drop 

[3]. 

A  more  accurate  discussion  of  >•  ~ <aw ay  conditions  will 

be  given  in  Chapter  5- 

The  ris«  in  the  curve  in  range  r>c  strongly  negative  po¬ 
tentials  is  connected  with  he  discharge  of  potassium  ions. 

The  potential  gradients  and,  consequently,  also  the  tangen¬ 
tial  movements  along  the  mercury  surface  arise  when  the  free 
mercury  drop  fall s  in  an  electrolyte  solution  in  which  a  con- 
stant,  electrical  '’ield  is  maintained.  In  consequence  of  the 
reacti  ve  repulsi  wi  from  the  surrounding  medium  the  tangential 
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movement  of  the  surface  causes  a  movement  of  the  drop  as  a 
whole,  which  Is  easi1,/  observed.  The  relative  simplicity  of 
the  geometrical  conditions  makes  it  possible  in  this  case  to 
give  an  accurate  mathematical  expression  for  the  velocity  v 
of  motion  of  the  drop  in  the  direction  of  the  electric,  field: 


Vmm. 


*Er 


*+v+~ 


(133) 


where  E  is  the  field  strength;  c  is  the  charge  density  on  the 
mercury  surface;  r  is  the  drop  radius;  u  and  u '  are  the  vis¬ 
cosities  of  the  ambient  solution  and  the  mercury;  x  is  the 
specific  electrical  conductivity  of  the  solution.  This  equa¬ 
tion  has  been  confirmed  by  measurements  of  the  deflection  of 
mercury  drops  falling  in  an  electric  field  in  a  viscous  glyc¬ 
erol  solution  [7]. 
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Chaj tor  3 

HYDROGEN  OVERVOLTAGE 

51.  ELECTROCHEMICAL  POLARIZATION 

Once  e  reacting  particle  has  reached  r-iectrod^  *urface  because 
of  diffusion  or  mlgr.at ion,  it  enters  the  field  of  Its  molecular  influ¬ 
ence.  If  the  reacting  particle  is  an  Ion,  1%  should  m  4  er  the  double 
layer;  a  neutral  molecule  can  be  adsorbed  on  the  electro  3e  surface. 
These  stages  precede  the  electrochemical  r*  nr  ten  v  'oper,  during  which 
the  transfer  of  charges  from  the  electrode  to  the  reacting  particle 
takes  place. 

The  question  arises  whether  the  rate  of  then-  adsorption  stares 
plays  an  important  part  in  electrochemical  kinetics.  Up  to  now  these 
phenomena  have  been  relatively  rarely  coniderea  In  the  study  of  elec¬ 
trochemical  processes.  On  the  basis  of  me  x -sting  experimental  data 
it  can  be  stated  that  most  of  these  adsorptions  take  place  fairly  rap¬ 
idly  and  hence  should  not  affect  the  kinetics  of  the  process  as  a 
whole.  This  is  confirmea,  for  example,  by  measurements  of  the  capaci¬ 
tance  of  the  double  layer  of  the  mercury  electrode  with  a.c.  currents 
of  different  frequency,  which  were  mentioned  In  the  introduction.  These 
measurements  were  carried  out  up  to  freer-  e'er  of  fhci  order  of  100-200 
thousand  cycles,  the  capacitance  pro*  ! nr  to  be  independent  of  frequen¬ 
cy.  The  latter  indicates  that  the  our  librium  in  the  double  layer  is 
established  within  a  period  which  is  short  compared  with  such  oscilla¬ 
tion  oeriods  of  the  alternating  current.* 

On  the  other  hand,  it  follows  from  experiment  that  the  eiectro- 
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chemical  reactions  often  proceed  at  a  low  rate.  In  order  to  Increase 
this  rate  (In  other  words,  In  order  to  make  possible  the  passage  of  a 
current  with  a  certain  density)  the  potential  must  be  altered  compared 
with  the  equilibrium  potential.  Such  a  shift  of  the  potential  during 
the  passage  of  current  cannot  always  be  ascribed  to  concentration  po¬ 
larization  because  it  is  also  observed  when  there  can  be  no  question  of 
an  insufficient  quantity  of  reacting  substance  at  the  electrode  sur¬ 
face.  Thus,  a  polarization  of  a  different  kind  appears  in  such  cases, 
which  is  often  referred  to  as  electrochemical  polarization.  In  propor¬ 
tion  to  the  refinement  of  measurement  technioue,  the  number  of  electro¬ 
chemical  reactions  in  which  such  a  polarization  could  be  observed  has 
greatly  increased. 

The  potential  shift  of  the  electrode  from  its  equilibrium  value 
has  been  termed  overvoltage  in  electrochemistry. 

The  phenomenon  of  polarization  of  the  electrodes  during  the  pas¬ 
sage  of  an  electric  current  through  them  has  been  known  already  during 
the  first  half  of  the  19th  century.  In  earlier  works  this  phenomenon 
has  often  been  explained  by  the  presence  of  a  certain  contact  resist¬ 
ance  between  electrode  and  solution. 

During  the  Forties  of  the  previous  century  the  professor  of  phys¬ 
ics  of  Petersburg  University,  Academician  E.Kh.  Lents  [1]  and  A.S. 
Savel'yev  [2]  pointed  out  the  erroneous  nature  of  this  view  and  made 
rigorous  distinction  between  normal  resistance  and  polarization.  They 
pointed  out  that  In  contrast  to  the  ohmic  voltage  drop  which  it>  a  lin¬ 
ear  function  of  the  current  intensity,  the  magnitude  of  the  polariza¬ 
tion  during  the  evolution  of  gases  increases  only  slowly  when  the  cur¬ 
rent  intensity  is  increased.  The  works  of  I.ents  and  Savel'yev  provided 
a  foundation  for  the  quantitative  study  of  the  polarization  phenomena. 

The  electrochemists  have  long  given  attention  to  the  fact  that  the 


electrolytic  separation  of  hydrogen  from  a  meous  ;  >lut'ons  on  cathodes 
of  different  metals  is  accompanied  by  considerable  polarization.  Hence 
this  relatively  simple  and  at  the  rar.t-  time  one  of  the  most  important 
electrochemical  reactions  in  technolory  have  boon  mo?  t  thoroughly  stud¬ 
ied  from  all  aspects. 

During  the  last  two  lecades  a  number  of  i?  /estimations  were  car¬ 
ried  out  in  the  Soviet  Union  on  the  ot  y  cl  the  process  of  the  dis¬ 
charge  of  hydrogen  ions  and  the  separation  of  hydrogen  in  the  gaseous 
state  and  also  on  the  study  of  other  electrochemical  processes.  In 
these  works  use  was  made  of  novel  au"’  r'te  neth  as  of  investigation 
which  exclude  a  distortion  of  the  r  >  t  ty  xtrnneous  factors  to  a 
considerable  degree. 

The  results  obtained  in  there  studh  s  .  he  primarily  considered 
in  the  following  sections.  The  relative  rreat  ^ttenti  mi  which  has  been 
given  to  the  presentation  of  experimental  data  fc  •  the  reaction  of  hy¬ 
drogen  separation  and  their  theoretical  discussion  is  due  to  the  fact 
that  using  this  reaction  as  an  example  it  is  easy  to  follow  various 
laws  of  electrochemical  kinetics  which  are  renerai  and  can  also  be  ap¬ 
plied  to  olner  electrochemical  reactions. 

The  experimental  method  worked  out  in  the  example  of  the  separa¬ 
tion  of  hydrogen  and  described  in  the  following  is  also  applicable  to 
the  study  of  the  polarization  phenomena  in  other  electrode  processes. 

§2.  EQUILIBRIUM  HYDROGEN  ELECTRODE  AN?  F  '  ‘'T”  OVF  ’VOLTAGE 

When  an  electrode  of  platinized  plrtinum  is  immersed  in  an  elec¬ 
trolyte  solution,  saturated  with  gaseous  hydrogen,  an  qullibrium  is 
established  cn  it,  as  we  know,  between  the  molecules,  adsorbed  atoms 
and  hydrogen  ions 


H,£2Hz:2H*  +  2e. 
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The  potential  of  the  platinum  electrode  assumes  a  value  which  is 
determined  by  this  equilibrium.  The  potential  as  a  function  of  the  ac¬ 
tivity  ol  the  hydrogen  ions  in  the  solution  and  the  partial  pres¬ 
sure  of  the  gaseous  hydrogen  over  the  solution  is  given  by  the 
thermodynamic  equation 


»  i  ffrin 

<P*«<Pp  -\--/r  in  .,7 
r»i» 


(13*0 


According  to  the  generally  accepted  definition  of  the  electrode 
potentials,  the  constant  9^  for  the  equilibrium  hydrogen  electrode  is 
conventionally  taken  as  zero  (standard  hydrogen  scale  of  the  electrode 
potentials ) . 

The  value  of  the  potential  of  the  equilibrium  hydrogen  electrode, 
naturally,  is  independent  of  the  electrode  material.  The  use  of  plati¬ 
nized  platinum  is  due  to  the  fact  that  the  equilibrium  reactions  for 
the  reaction  (A)  are  rapidly  established  at  such  an  electrode  and  that 
other  electrochemical  reactions  with  participation  of  t.he  electrode  ma¬ 
terial  do  not  take  place  on  it. 

When  a  current  is  passed  through  the  electrode,  the  equilibrium 
(A)  is  upset  and,  depending  on  the  direction  of  the  current,  an  elec¬ 
trochemical  reaction  of  the  reduction  of  hydrogen  ions  with  formation 
of  molecular  hydrogen  takes  place  at  the  electrode  surface  (if  the 
electrode  serves  as  the  cathode)  or  the  reverse  reaction  of  the  ioni2 
tion  of  hydrogen  molecules  (if  it  serves  as  the  anode).  The  electrode 
potential  is  shifted  from  the  equilibrium  value  In  the  first  case  to 
the  negative  side  and  in  the  second  to  the  positive  side  (cathodic  and 
anodic  polarization  of  the  electrode).  The  magnitude  of  the  potential 
shift  depends  on  the  nature  of  the  metallic  electrode,  on  the  current 
density,  on  the  composition  of  the  solution  and  on  other  factors.  In 
the  above-considered  case  of  platinized  platinum  the  polarization  is 
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very  slight;  in  other  cases  it  nay  attain  several  maths  or  a  volt  and 
sometimes  exceeds  one  volt. 

Thus,  for  example,  during  the  cathodic  separation  of  hydrogen  at 
the  mercury  electrode  from  1  N  hydrochloric  acid  solution  at  a  current 

_jt  2 

density  of  i  ■  1*10  arr.p/cm  ti.r  potent  al  is  shifted  0.9*1  v  to  the 
negative  side  compared  with  the  equilibrium  hydrogen  potential.  The 
limit  diffusion  current  i,  of  th*-*  hydrogen  ions  in  this  solution,  de¬ 
pending  on  the  mixing  conditions,  can  attain  valu* *•  of  the  order  of  0.1 
a 

or  1  arap/cm*-,  i.e.,  it  exceeds  the  above-mentioned  current  density  sev¬ 
eral  thousand  times. 

As  follows  from  the  lava  cone  rtr- *  '  \  pearl  nation,  explained 
in  Chapter  1  (Fq.  58),  the  potential,  hlf’  ,  oui.-ji  by  concentration 
changes  near  the  electrode  surface,  under  4  nose  cor  ’itlons,  is  negligi¬ 
bly  small  and  can  practically  be  ignored.  Hence  the  notentlai  shift  by 
0.9*1  v  cannot  be  due  to  concentration  polarientioi  out  is  a  conseouence 
of  other  causes  which  are  olvicusly  connected  w'th  the  electrochemical 
reaction  taking  place  at  tne  electrode  'urface  luring  tht  passage  of 
current . 

As  has  been  pointed  out  in  the  preceding  section,  the  potential 
shift  of  the  electrode  caused  by  electrochemical  polarization  is  termed 
overvoltage.  It  is  convenient  to  distinguish  between  the  anodic  and 
cathodic  overvoltages  and  n.,.  If  we  designate  the  potential  of  the 
equilibrium  hydrogen  electrode  by  and  the  potential  of  the  polarized 
electrode  by  9,  the  overvoltage  for  the  -  .ccilc  reaction  (for  example, 
the  reaction  of  ionization  of  the  hydrogen  molecules)  is 

1a  **f  — fri  (135) 

and  for  the  cathodic  reaction  during  which  the  potential  is  shifted  to 
the  negative  side,  it  is 


•qk  **  ?»  —  9> 


(135a) 


With  this  definition,  the  quantity  nA  obviously  has  the  positive 
sign  in  the  case  of  anodic  and  the  quantity  in  the  case  of  cathodic 
polarization. 

If  the  electrochemical  polarization  is  slight  and  particularly  if 
the  concentration  of  the  reacting  substances  is  low,  so  that  the  con¬ 
centration  polarization  occurs  already  at  low  current  densities,  we 
must  take  into  account  at  the  same  time  the  concentration  and  electro¬ 


chemical  polarization.  In  this  case  it  is  more  correct,  in  order  to  de¬ 
termine  n  rationally,  to  relate  in  Eq.  (135)  the  equilibrium  potential 
<p^  to  the  values  of  the  concentrations  of  the  reacting  substances  and 
reaction  products,  which  are  established  at  the  electrode  surface  dur¬ 
ing  the  reaction.  In  practice,  however,  this  is  not  always  possible  be¬ 
cause  these  values  are  often  unknown,  and  Eq.  (135)  is  often  used  in 
ouch  a  manner  that  <P.  is  taken  to  be  the  equilibrium  potential  in  a 
system  whose  composition  is  not  affected  by  the  passage  of  current.  In 
the  following  we  shall  assume,  unless  otherwise,  indicated,  that  the 
el*'  biochemical  polarization  is  not  complicated  by  concentration  polar¬ 
ization,  i.e.,  that  the  current  densities  used  are  considerably  lower 
than  the  limit  densities  possible  under  these  conditions. 

The  concept  of  overvoltage  is  connected  with  the  excess  voltage 
which  must  be  applied  to  the  electrolytic  bath  over  and  above  its 
equilibrium  elect romotoric  force  to  carry  out  the  electrolysis.  It  must 
be  kept  in  mind,  however,  that  under  the  conditions  of  technical  elec¬ 
trolysis  this  excess  voltage  is  due  not  only  to  the  electrochemical 
polarization  of  the  two  electrodes  in  the  bath  (i.e.,  the  actual  "over¬ 
voltage"  at  the  electrodes),  but  also  to  the  ohmic  voltage  drop  in  the 
solution . 

The  overvoltage  phenomenon  during  the  cathodic  separation  of  hy¬ 
drogen  is  of  great  technical  Importance  due  to  the  fact  that  this  reac- 


tion,  either  as  a  train  or  side  reaction.  i  s  pari  r^ny  Important 
electrochemical  processes.  In  individual  ca.es  a  large  overvoltage 
promotes  the  desired  process  nd  is  thus  desirable;  in  other  cases  the 
appearance  of  an  overvoltage  la  undesirable. 

The  most  obvious  example  of  t  undesirability  and  economic  disad¬ 
vantage  of  overvoltage  is  the  process  of  the  electrolysis  of  water  with 
the  aim  of  electrolytic  production  f  ro  ei  .  1  ^  >vervollage  in¬ 
creases  the  required  electrical  voltage  and  caus  an  additional  con¬ 
sumption  of  electrical  cnergj  At  an  overvoltage  of  0.3  v  an  additional 
consumption  of  8300  kwh  of  ,loc*tv*ical  c  r  y  re^ntj  d  for  every 
1000  kg  of  hydrogen  whicn  is  u.-cle.  l.v  tr  1  0  rr.ed  into  heat.  An  over- 
consumption  of  energy  in  consequ  ace  f  tee  1  overvoltage  at  the 

cathodes  of  the  same  order  occurs  in  chlorine  lectrolysis  and  in  other 
industrial  electrochemical  process*  r. 

On  the  other  hand,  a  large  number  of  electric -rmi  cal  processes  of 
cathodic  reduction  takes  place  at  electrode  potent  air,  which  are  more 
negative  than  the  potential  of  the  equilibrium  yirogen  electrode.  If 
the  reparation  of  hydrogen  were  roc  accompanied  hy  a  large  overvoltage, 
the  realization  of  ti.ese  processes  would  be  entirely  impossible  it 
would  give  very  low  current  y  elds  because  most  of  the  current  would  be 
used  up  for  the,  in  this  case  undesirable,  separation  of  hydrogen.  To 
these  processes  belongs,  for  example,  the  process  of  producing  sodium 
amalgam  during  chlorine  electrolysis,  which  takes  place  at  potentials 
which  are  approximately  1  v  more  negative  ‘  v  the  potential  of  the 
equilibrium  hydrogen  electrode  in  this  electrolyte.  Hence  this  process 
is  possible  only  because  of  th(  _arfr  overvoltage  of  the  hydrogen  on 
tne  mercury.  In  the  same  way  the  use  of  a  lead  storage  battery  would 
not  be  possible  if  the  cathodic  separation  of  hydrogen  at  the  lead  did 
not  involve  a  large*  overvoltage.  Traces  of  arsenic,  platinum,  and  other 


substances  in  the  electrolyte  of  a  lead  battery  are  exceptionally  harm¬ 
ful  precisely  because  these  substances  lower  the  hydrogen  overvoltage 
on  lead,  and  in  their  presence  ^  large  proportion  of  the  chemical  ener¬ 
gy  of  the  battery  is  lost  for  the  useless  evolution  of  hydrogen  at  the 
negative  electrode  (self-discharge  of  the  battery). 


Fig.  65.  Scheme  of  device  for  the  measurement  of  hydrogen  overvoltage: 
A)  Test  electrode;  B)  auxiliary  electrode  for  polarization:  C)  hydrogen 
electrode  for  potential  measurement;  D)  auxiliary  electrode  for  purify¬ 
ing  the  solution;  G)  galvanometer;  P)  potentiometer;  P)  rheostat:  Z) 
current  source. 

The  above  examples  show  that  when  solving  practical  problems  it 
will  frequently  be  useful  to  decrease  or  increase  by  some  method  or 
other  the  hydrogen  overvoltage  at  different  electrodes.  This  can  be 
achieved  by  correct  selection  of  the  material  and  surface  condition  o 
the  electrode,  the  composition  of  the  solution  and,  finally,  the  elec¬ 
trolysis  regime,  the  temperature,  current  density,  etc.  This  problem 
can  be  solved  only  on  the  basis  of  a  careful  study  of  the  separate  in¬ 
fluence  of  all  these  factors  on  the  kinetics  of  the  process  of  cathodic 
hydrogen  separation. 

The  methods  of  overvoltage  measurement  consist  in  a  measurement  of 
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the  electrode  potential  during  the  passage  of  current  through  it.  The 
measurements  can  be  carried  out,  for  example,  using  the  circuit  shown 
in  Fig.  65. 

The  test  electrode  A  is  polarized  by  means  of  the  auxiliary  elec¬ 
trode  F,  i.e.,  through  the  circuit,  consisting  of  these  two  electrodes, 
current  from  the  external  source  Z  is  passed.  When  the  process  of  the 
reduction  of  the  hydrogen  ions  is  investigated,  the  test  electrode  is 
made  the  cathode.  The  current  intensity  is  regulated  by  reans  of  the 
rheostat  R  and  is  read  off  from  the  ammeter  or  galvanometer  G.  The  po¬ 
tential  <P.  of  the  electrode  A  cannot  be  measured  in  relation  to  the 
A 

auxiliary  electrode  B  because  the  potential  of  this  electrode  is  also 
shifted  during  the  passage  of  current.  For  this  reason  the  potential 
is  det<  mined  by  means  of  a  second  auxiliary  electrode  C  through  which 
the  current  does  not  pass  and  whose  potential  thus  remains  constant. 

The  potential  difference  can  be  measured  with  the  potentiometer 

P  by  means  of  a  normal  bridge  circuit  suitable  for  the  measurement  of 
equilibrium  e.d.s. 

In  dilute  solutions  or  at  large  values  of  the  current  intensity  a 
considerable  ohmic  potential  drop  occurs  In  the  solution  between  the 
electrodes  A  and  B.  To  prevent  this  from  affecting  the  results  of  the 
measurement  of  the  potential  difference  it  is  essential  that 

no  current  passes  through  the  layer  of  solution  between  the  electrodes 
A  and  C . 

This  is  achieved  leading  to  the  surface  of  the  electrode  A  a  thin 
glass  tube  (siphon)  ending  in  a  tip  which  is  connected  with  the  part  of 
the  cell  containing  the  electrode  C.  The  closer  the  end  of  the  siphon 
is  to  the  electrode  A  the  less  is  the  ohmic  potential  drop  between  the 
surface  of  the  electrode  and  the  end.  Within  the  siphon  there  is  no 
ohmic  potential  drop  because  current  does  not  pass  through  it  during 
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the  measurement  of  the  potential  by  the  bridge  method.  This  adaptation 
is  termed  the  Luggin  capillary  in  electrochemical  literature,  named  af¬ 
ter  the  Russian  scientist  who  proposed  it. 

Any  electrode  with  sufficient  stable  and  reproducible  potential, 
for  example,  a  calomel  electrode,  can  be  used  as  the  auxiliary  elec¬ 
trode  C.  However  when  studying  the  kinetics  of  hydrogen  evolution,  it 
is  more  convenient  to  use  the  equilibrium  hydrogen  electrode  of  plati¬ 
nized  platinum,  immersed  in  a  solution  of  the  same  composition,  as 
electrode  A  and  at  the  same  temperature,  as  an  auxiliary  electrode.  In 
this  case  the  measured  potential  difference  between  the  electrodes  A 
and  C  according  to  definition  will  exactly  eaual  the  hydrogen  overvolt¬ 
age. 

In  some  cases  the  electrode  potential  is  not  determined  during  the 

passage  of  current,  but  a  very  short  time  after  the  current  has  been 

switched  off.  Ey  means  of  special  devices  (commutators)  one  can  reduce 

the  time  interval  betv.'een  the  switching  off  of  the  current  and  the 

—H  — g 

measurement  to  10  -10  seconds.  This  method  of  commutator  measurement 

of  overvoltage  has  the  advantage  that  the  measured  potential  shift  does 
not  contain  the  ohmic  potential  drop  in  the  solution  or  in  the  thin 
surface  films  on  the  electrode.  The  use  of  this  method,  however,  in¬ 
volves  certain  difficulties,  which  are  due  to  the  fact  that  after  po¬ 
larization  with  a  current  of  high  density,  for  example  of  several  tens 

of  amperes  per  square  centimeter,  the  overvoltage  decreases  very  quick- 

—5 

ly  after  the  switching  off  of  the  current  so  that  even  10  seconds  la¬ 
ter  the  electrode  potential  can  markedly  differ  fror  the  stationary 
value  observed  during  the  passage  of  the  current.  In  these  cases  it  Is 
necessary  to  record  the  curve  showing  the  electrode  potential  as  a 
function  of  time  elapsed  since  the  switching  of  the  current  and  to 
extrapolate  this  curve  for  the  moment  at  which  the  current  had  been 
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turned  off.  This  interpolation  often  involves  considerable  errors,  as 
is  evident  from  the  example  of  the  works  of  several  contemporary  Brit¬ 
ish  authors  (Hickling  and  Salt)  [3,  20]. 

Measurements  of  hydrogen  overvoltage,  as  many  other  measurements 
in  the  kinetics  of  electrochemical  processes,  make  great  demands  on  the 
purity  of  the  electrode  surface  and  the  purity  of  the  solution.  The 
slightest  admixture  of  many  organic  or  inorganic  substances  distorts 
the  measurement  results  strongly  and  in  an  uncontrolled  manner:  this 
robs  many  of  the  experimental  data  published  in  the  literature  of  their 
value.  The  purity  of  the  solution  is  attained  by  double  distillation  of 
the  water  in  apparatus  without  any  rubber  or  cork  connections  and  by 
repeated  recrystallization,  ignition  or  distillation  of  the  reagents. 

Of  great  importance  is  also  prolonged  purification  immediately  before 
the  measurement  of  the  cathodic  polarization  solution  by  means  of  an 
auxiliary  cathode,  for  example,  one  made  of  the  same  metal  as  the  test 
cathode  ( D  in  Fig.  65),  on  which  the  traces  of  various  impurities  pres¬ 
ent  in  the  solution  are  deposited  or  decomposed. 

The  most  convenient  material  for  electrodes  in  overvoltage  studies 
in  many  respects  is  mercury  which  can  be  easily  purified,  gives  an 
Ideally  smooth  and  easily  renewed  surface  for  contact  with  the  solution 
and  has  a  high  overvoltage.  Hence  many  experimental  investigations  on 
the  kinetics  of  hydrogen  separation  or  other  electrochemical  reactions 
are  carried  out  with  the  mercury  electrode.  When  using  solid  metal 
electrodes,  the  surface  contamination  and  also  the  surface  oxides  which 
are  formed  must  be  removed  prior  to  the  measurement  as  far  as  possible. 

Before  the  measurement  it  is  essential  to  free  the  solution  and 
measurement  cell  carefully  of  atmospheric  oxygen  because  the  oxygen  is 
reduced  at  the  cathode  and  distorts  the  measurement  results  if  the  cur¬ 
rent  density  is  low.  The  removal  of  the  oxygen  is  carried  out,  as  a 
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rule,  by  passing  pure  hydrogen  through  the  measurement  cell  with  the 
electrolyte  for  many  hours  and  by  prolonged  cathodic  polarization  by 
means  of  an  auxiliary  electrode. 

If  measurements  are  carried  out  at  high  current  densities  or  in 
dilute  solutions,  the  influence  of  the  concentration  polarization  must 
be  taken  into  account.  Some  method  or  other  of  mixing  [^]  is  used,  for 
example,  an  electrode  in  the  form  of  a  rotating  disc,  whose  theory  has 
been  given  in  Chapter  1,  is  used  in  order  to  increase  the  limit  current 
densities  and  to  achieve  uniform  conditions  of  convective  diffusion. 

§3.  DEPENDENCE  OF  THE  OVERVOLTAGE  ON  CURRENT  DENSITY,  ELECTRODE  MATE¬ 
RIAL  AND  TEMPERATURE 

The  appearance  of  overvoltage  is  connected  with  the  passage  of 
current  through  the  electrode  and  is  different  for  different  current 
intensities.  Hence  there  is  no  sense  in  indicating  overvoltages  without 
giving  the  current  intensities  or  densities*  to  which  they  refer.  From 
this  point  of  view  the  so-called  minimum  overvoltages  during  the  evolu¬ 
tion  of  gases,  which  are  given  in  the  older  handbooks  and  textbooks  and 
which  refer  to  the  beginning  of  visible  separation  of  gas  bubbles,  are 
also  of  little  use. 

The  dependence  of  the  electrode  potential  or  overvoltage  on  the 
density  of  the  polarizing  current  is  a  polarization  characteristic  of 
a  given  electrode  and  is  expressed  by  the  polarization  curve  or  by 
certain  mathematical  relations. 

For  convenience  in  the  consideration  of  the  experimental  regulari¬ 
ties  during  the  polarization  of  the  hydrogen  electrode  it  in  best  to 
distinguish  two  current  density  ranges:  on  the  one  hand,  the  current 
O  density  range  in  which  the  overvoltage  on  a  given  electrode  is  consid¬ 
erably  greater  than  FT/F,  i.e.,  more  than  25  mv,  and,  on  the  other,  the 
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current  density  range  in  which  the  overvoltage  is  less  than  this  quan¬ 
tity. 

As  follows  from  numerous  experimental  data,  a  linear  relation  is 
observed  in  the  first  case  between  the  overvoltage  of  many  electrodes 
and  the  logarithm  of  the  current  density 

JL 

i)** a 4-6 Ini  for  i*=A*e*,  (136) 

where  a,  b  and  k  are  constants  (k  «  e~(a/b) ) . 

This  law  is  termed  the  Tafel  formula. 

The  constant  a  in  Eq.  (136),  i.e.,  the  overvoltage  at  unit  current 
density  (i  =  1  amp/cm  )  depends  on  the  nature  of  the  electrode  metal  on 
its  surface  condition,  the  composition  of  the  solution  and  the  tempera¬ 
ture.  This  constant  characterizes  mainly  the  degree  of  irreversibility 
of  the  electrode  process:  the  larger  a,  the  higher  is  the  overvoltage 
at  a  given  current  density,  i.e.,  the  greater  is  the  deviation  from  the 
equilibrium  state  because  the  variation  of  b  as  a  function  of  the  na¬ 
ture  of  the  electrode  is  usually  relatively  slight. 

For  a  mercury  cathode  in  1  N  sulfuric  acid  a  for  the  process  of 
hydrogen  separation  is  1.^15  v,  for  the  lead  electrode,  1.56  v.  This 
large  value  of  a  is  typical  for  a  certain  group  of  metals.  In  addition 
to  lead  and  mercury,  it  includes,  for  example,  zinc,  cadmium,  tin  and 
thallium.  For  other  metals  this  quantity  Is  considerably  less.  Thus, 
for  nickel  a  =  0.6  v,  i.e.,  approximately  one  volt  less  than  for  lead. 
The  metals  of  the  platinum  group  have  an  even  smaller  value  of  the  con¬ 
stant  a,  for  example,  for  platinum  a  =  0.1-0. 3  v.  It  should  be  pointed 
out  that  the  values  of  a  in  the  case  of  these  metals  depends  enormously 
greatly  on  the  degree  of  purity  of  their  surface.  Such  low  values  of 
a  are  found  only  on  electrodes  with  an  active  surface  and  with  thorough 
removal  of  impurities  from  the  solution.  The  surface  activation  can  be 
achieved,  for  example,  by  cathodic  reduction  after  preliminary  anodic 
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TABLE  3 


Values  of  the  Constants  a 
of  Cathodic  Separation  of 
Metals  at  t  =  20° 


A  Mcia/ix 

B  Ccexaa 
pactaopa 

E 

Cummcu  Pb  .  .  . 

1.0 

F 

II.  h,so4 

H 

TajMHfi  Tl  .  .  . 

I,7Fh.  II,S04 

K 

PTyih  Hg  .  .  .  . 

F  1.0 

n.  II,S04 

K 

PTyth  Hg .  .  .  . 

F  1,0 

M.  MCI 

K 

PryTh  Hg  .  .  .  . 

FI.P 

ii.  KOH 

N 

KaAMHft  Cd  .  .  . 

F  1.3 

•i.  H*SO. 

0 

IIhmk  Zn  ...  . 

F  */' 

h.  HjSO, 

P 

Oaoro  Sn  .  .  .  . 

F  1.0 

h.  HCI 

R 

Me*b  Cu  .  .  .  . 

F  i,o 

m.  H,S04 

T 

Cepefipo  Ag  .  . 

F  |,o 

h.  HCI 

T 

Cepcflpo  Ag  .  .  . 

F5,0 

h.  HtSO, 

V 

tio  Fe  .  .  . 

F  1.0 

h.  HQ 

V 

)Keae*>  Fe  .  .  . 

F2,0 

n.  NaOH 

Y 

Huitexk  NJ  .  .  . 

F0.II 

h.  NaOH 

a 

KoOaakT  Co  .  .  . 

1.0 

F 

h.  na 

c 

riMADANA  Pd  .  . 

F  1,1 

n.  KOH 

e 

Boju^paai  W  .  . 

F  1,0 

n.  na 

e 

Boni4paM  W  .  . 

F  5.0 

n.  Ha 

g 

riaaTMHa  PI  raax- 
aaa . 

F  1,0 

a.  Ha 

8 

naaTMNa  PI  rxax- 
aaa . 

F  1,0 

h.  N*OH+ 

8 

rUarmia  PI  Max- 

MM . 

+  I,5Fh.  NatSO, 

F  1,0  h.  HQ 

and  b  for  the  Reactions 
Hydrogen  on  Different 


a 

noaktax 

C  b 

B  BOflkTBX 

®  Aarop 

t 

1,56 

0,110 

Jl.M.  KoxoTnpmwl,1  G 

1,55 

0,140  . 

To  we  I 

1,415 

0,113 

3.  A.  Mo4>am  L 

1,406 

0,116 

To  ate  I 

1.51 

0,105 

O.  Jl.  Kamiaa  m  M 

3  A. 

1,40 

0,120 

9.  M.  KoAOTfclpKMM^I  G 

1.24 

0,118 

— 

1.24 

0,116 

BOKpHC  M  IlapCOHC***  Q 

0,80 

0,115 

r.  M.  MaftTax1'01  S 

0,05 

0,116 

Boxpac  m  ll.ipcoac***  Q 

0,95 

0,13 

B.  H.  Ka6*MOi»^l  y 

0,70 

0,125 

B.  A.  KyjHfuo*  n  W 
3.  A  Ho4»aI"> 

0,76* 

0,112 

C.  A  PowmaeUr  h  X 
B.  H.  Ka6aHO»,,2» 

0,64 

0,100 

n.  fl  flyxo»H«  "  T 
C.  fl.  fleBlwal,,, 

0,62 

.0,140 

A.  M  MypTajaea1'*1  b 

0,53 

0,130 

H.  A.  Axagmaxo-  d 
„[l»l 

0,23 

0,040 

Bowpac  n  napeo«e,#1  ^ 

0,65 

0,11 

Boapac  a  AaaW,#1  f 

0,10** 

0.13** 

11.  H.  floxim  m  h 
6.  B.  3pouep 

0,31*® 

0,097** 

To  we  I 

0,3*** 

0.14*** 

t 

Bonpiic  m  AaW**  f 

*  Extrapolation  from  i  *  10  >  amp/cm2. 

**  Correlated  for  concentration  polarization. 

***  At  t  >  1  amp/cm2. 

A)  Metal;  B)  composition  of  the  solution;  C)  in  volts;  D)  author:  E) 
lead;  F)  normal;  G)  Ya.M.  Kolotyrkin;  H)  thallium;  I)  the  same:  K)  mer 
cury;  L)  Z.A.  Iofa;  M)  O.L.  Kaptsan  and  Z.A.  Iofa;  N)  cadmium:  0)  zinc 
P)  tin;  Q)  Bockris  and  Parsons;  R)  copper;  S)  G.M.  Maytak;  T)  silver: 
U)  B.N.  Kabanov;  V)  iron;  W)  V.A.  Kuznetsov  and  Z.A.  Iofa;  X)  S.A. 
Rozentsveyg  and  B.N.  Kabanov;  Y)  nickel;  Z)  P.D.  Lukovtsev  and  S.D. 
Levina;  a)  cobalt;  b)  A.M.  Murtazayev;  c)  palladium:  d)  N.A.  Aladzha- 
lova;  e)  tungsten;  f)  Bockris  and  Azzam;  g)  smooth  platinum;  h)  P.I. 
Dolin  and  B.V.  Ershler. 
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polarization.  The  dependence  of  the  constant  a  for  different  metals  on 
the  composition  of  the  solution  will  be  considered  in  detail  in  §5. 

The  most  reliable  values  of  the  constants  a  and  b  for  the  reaction 
of  hydrogen  evolution  on  various  metals  are  presented  in  Table  3.* 

Attempts  have  been  made  recently  to  establish  quantitative  rela¬ 
tions  between  the  constant  a,  which  determines  the  overvoltage  on  a 
metal,  and  other  quantities,  which  characterize  the  physical  properties 
of  the  metal. 

Thus,  A.K.  Lorents  [17]  established  an  interesting  relation  be¬ 
tween  the  constant  a  in  the  overvoltage  equation  and  the  compressibil¬ 
ity  factor  k  of  the  metal.  Figure  66  gives  a  comparison  of  the  values 
of  a  and  the  quantities  1//7  for  the  most  diverse  metals  (these  metals 
are  indicated  in  Fig.  66).  On  the  basis  of  these  data  it  may  be  in¬ 
ferred  that  the  dependence  of  the  constant  a  in  the  formula  for  the  hy¬ 
drogen  overvoltage  on  the  compressibility  factor  k  is  expressed  by  the 
relation: 


a- 2- 


yrrn?‘ 


N.Ye.  Khomutov  [18]  compared  *.  ue  hydrogen  overvoltage  with  the 
minimum  interatomic  distances  in  metals  and  found  that  the  minimum 
overvoltage  corresponds  to  a  distance  of  about  2.7  A;  for  metals  with 
greater  or  smaller  interatomic  distance  the  overvoltage  is  greater.** 
The  constant  b ,  in  contrast  to  the  constant  a,  depends  little  on 
the  nature  of  the  metal  or  the  composition  of  the  solution.  For  many 
metals  with  a  clean  nonoxidized  surface  b  assumes  values  close  to 
2RT/F,  i.e.,  at  room  temperature  it  is  50  mv  if  the  logarithm  of  i  is 
expressed  in  natural  logarithms  or  50  *  2.3  =  115  mv  if  decadic  loga¬ 
rithms  are  used.  (The  values  of  b,  given  in  Table  3,  have  been  calcu¬ 
lated  for  decadic  logarithms.  This  means  that  within  the  range  of  ap- 
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plicability  of  Eq.  (136)  the  overvoltage  Increases  approximately  by 
0.116  v  with  tenfold  Increase  in  current  density.  On  some  metals  with 


0 

BoAkttm  A 


Fig.  66.  Constant  a  as  a  function  of  the 
compressibility  factor  k  of  a  metal,  ex¬ 
pressed  in  cm2/g.  A)  Volt. 


not  very  large  overvoltage  the  coefficient  b  is  somewhat  less,  for  ex¬ 
ample,  on  nickel.  Lower  values  of  b  have  also  been  observed  by  some  in¬ 
vestigators  on  platinum;  the  data  for  tungsten  are  contradictory.  On 
metals  with  an  oxidized  surface,  with  which  one  normally  has  to  deal, 
in  particular,  under  the  conditions  of  technical  electrolysis,  this 

coefficient  often  has  a  higher  value,  up  to  0.2  v  and  over.  For  reasons 
• 

which  will  become  clear  when  the  theory  of  hydrogen  overvoltage  is  ex¬ 
plained,  it  is  important  i’or  elucidating  the  reaction  mechanism  to  de¬ 
termine  the  ratio  between  the  quantity  b  and  the  quantity  RT/F.  Hence 
the  factor  in  front  of  the  logarithm  of  the  current  density  in  the  Ta- 
fel  equation  is  often  expressed  by  RT/aF ,  where  a  is  a  constant,  de¬ 
fined  by  the  relation 


RT 

FF- 


(136a) 
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(136b) 


Thus , 

n  •  a  Ini. 

As  follows  from  the  foregoing,  for  most  metals  a  is  close  to  0.5. 

When  estimating  the  accuracy  of  the  data  given  In  Table  3  It  must 
be  remembered  that  the  overvoltages  found  by  different  authors  In  ear¬ 
lier  works,  often  differed  by  several  tenths  of  a  volt.  At  the  present 
time  the  overvoltage  on  mercury  has  been  determined  with  an  accuracy  of 
several  millivolts.  In  the  case  of  solid  metals  it  must  always  be  taken 
into  account  thav  the  overvoltage  depends  on  the  method  of  surface 
preparation.  If  a  certain  method  of  surface  preparation  prior  to  the 
measurement  on  solid  surface  is  adhered  to,  the  overvoltage  can  be  re¬ 
produced  with  an  accuracy  of  two  to  three-hundredths  of  a  volt. 

The  relation  (136)  naturally  cannot  be  used  in  the  case  of  very 
low  current  densities  because  in  proportion  to  the  decrease  in  current 
density  to  zero  the  overvoltage,  according  to  definition,  tends  to 
zero  and  not  towards  as  follows  from  Eq.  (136). 

At  low  overvoltages  a  relation  of  a  different  nature  is  observed, 
namely  that  the  overvoltage  Is  directly  proportional  to  the  current 
density  passing  through  the  electrode: 

(137) 

The  coefficient  w  depends  on  the  nature  of  the  metal  and  on  other 
factors;  like  the  constant  a,  it  characterizes  the  degree  of  irreversi¬ 
bility  of  the  hydrogen  electrode  for  the  given  metal. 

The  above-indicated  relationship  between  overvoltage  and  current 
density  is  formally  analogous  to  the  Ohm  law,  the  quantity  w  playing 
the  part  of  the  resistance  per  unit  of  electrode  surface.  Thus,  for  Pt 
in  alkaline  solution  u  ■  ^1  ohnrcm  .  As  long  as  the  currents  passing 
through  the  electrode  are  small,  the  potential  shifts  are  such  as  if 
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they  were  caused  by  a  certain  contact  resistance.  This  similarity,  how¬ 
ever,  as  pointed  out  previously,  is  only  external.  In  reality,  the 
causes  of  the  appearance  of  the  potential  shift  in  this  case  are  dif¬ 
ferent;  this  will  be  considered  in  greater  detail  in  the  following. 

The  laws  (136)  and  (137)  are  valid  for  the  cathodic  process  of 
discharge  of  hydrogen  ions  as  well  as  for  the  anodic  process  of  ioniza¬ 
tion  of  molecular  hydrogen. 

The  range  of  low  overvoltages  within  which  a  proportionality  be¬ 
tween  overvoltage  and  current  density  is  observed  can  be  conveniently 
studied  on  the  platinum  electrode  or  on  electrodes  of  other  metals 
with  low  values  of  the  constants  a  and  u.  Numerous  measurements  have 
shown  that  the  constant  w  for  the  same  electrode  has  a  different  value 
for  the  anodic  and  cathodic  processes.  The  anodic  and  cathodic  over¬ 
voltage  curves  for  the  platinum  electrode  thus  can  be  expressed  by  a 
line  passing  through  the  coordinate  origin  and  which  does  not  have  an 
inflection  point  (section  C-D  of  the  curve  in  Pig.  67).  If  the  current 
density  increases  the  polarization  curves  begin  to  bend  towards  the  ax¬ 
is  of  the  current  density  and  gradually,  in  agreement  with  the  law  ex¬ 
pressed  by  Eq.  (136),  assume  a  logarithmic  form  (sections  B-C  and  D-E). 

The  polarization  curves  for  the  anodic  process  of  ionization  of 
hydrogen  cannot  be  prolonged  to  high  current  densities  because  in  con¬ 
sequence  of  the  low  solubility  of  gaseous  hydrogen  in  aqueous  solutions 
the  hydrogen  concentration  polarization  soon  begins  to  exert  its  effect 
and  the  current  tends  to  the  limit  value,  determined  by  the  rate  of 
supply  of  dissolved  hydrogen  to  the  electrode  (section  A-B  of  the  curve 
in  Fig.  67).  The  measurement  range  of  the  anodic  branch  can  be  enlarged 
if,  by  increasing  the  hydrogen  pressure,  its  solubility  in  the  electro¬ 
lyte  is  increased. 

On  other  metals  ('.*ith  the  exception  of  the  metals  of  the  platinum 
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Fig.  67.  Anodic  and  cath¬ 
odic  sections  of  the  po¬ 
larization  curve  of  the 
hydrogen  electrode. 


group  and  in  alkaline  medium,  of  cobalt 
and  nickel  and,  under  certain  conditions, 
silver)  the  process  of  hydrogen  ioniza¬ 
tion  can  generally  not  be  studied  because 
with  anodic  polarization  we  get  into  a 
range  of  potentials  at  which  the  metal  is 
strongly  oxidized  or  dissolved.  Hence, 
most  experimental  investigations  of  the 
polarization  of  the  hydrogen  electrode 
refer  only  to  the  cathode  process  of  the 
reduction  of  hydrogen  ions  and  not  to  the 


anodic  process;  for  this  reason  we  shall  consider'  mainly  the  laws  of 
the  cathodic  process  in  the  following. 


Fig.  68.  Overvoltage  during  the  cathodic  and  anodic  processes  as  a 
function  of  the  current  density  on  the  semilogarithmic  scale:  tan  $  =  b. 


For  the  graphic  representation  of  the  overvoltage  curve  at  not  too 
low  current  densities  it  is  convenient  to  use  the  semilogarithmic  sys¬ 
tem  of  coordinates,  i.e.,  to  plot  along  one  of  the  coordinate  axes  not 
the  current  densities  but  their  logarithms  (see  Fig.  68).  The  polariza¬ 
tion  curve  then  is  expressed  within  the  entire  current  density  range, 
in  which  F.q .  (136)  applies,  by  a  straight  line.  In  the  region  of  low 
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overvoltages  the  curve  bends  towards  the  axis  of  the  current  density 
logarithm  and  approaches  zero  overvoltage  asymptotically  with  increase 
In  the  negative  value  of  the  logarithm.  With  this  method  of  representa¬ 
tion  we  can  compare  on  a  single  graph  the  overvoltages  within  a  large 
range  of  variation  of  the  current  densities;  this  method,  however,  is 
not  suitable  at  very  low  current  densities. 

The  range  of  the  "high"  overvoltages  of  the  reaction  of  cathodic 
separation  of  hydrogen  can  be  observed  and  studied  on  nearly  all  met¬ 
als.  On  metals  of  the  platinum  group  the  transition  to  the  logarithmic 
relation  (136)  takes  place  only  at  high  current  densities;  when  measur¬ 
ing  overvoltages  in  this  range  one  must  take  the  concentration  polari¬ 
zation  into  account.  On  other  metals  the  hydrogen  overvoltage  is  fairly 

high  so  that  the  logarithmic  relation  can  be  observed  even  at  relative- 

—6  2 

ly  low  current  densities  (for  example,  at  i  -  10  amp/cm  ) . 


Fig.  69.  Effect  of  traces  of  oxygen  on  polarization  during  hydrogen 
evolution;  1)  normal  relation  between  hydrogen  overvoltage  and  current 
density;  2)  polarization  as  a  function  of  current  density  in  presence 
of  small  quantities  of  oxygen.  A)  Volt. 

One  would  have  expected  that  even  on  these  metals  a  further  de¬ 
crease  in  the  current  density  would  permit  a  transition  to  the  range  of 
low  overvoltages  with  a  proportional  dependence  on  current  density.  The 
measurement  at  very  low  current  densities,  however,  is  greatly  compli- 


cated  by  the  circumstance  that  at  least  small  traces  of  oxygen  and  oth¬ 
er  substances,  which  are  reduced  at  the  cathode  together  with  the  hy¬ 
drogen  ions,  are  always  present  in  the  solution.  The  occurrence  of  this 
additional  reduction  process  increases  the  current  density  at  the  same 
potential,  or,  which  is  the  same,  lowers  the  overvoltage  at  the  same 
current  density  (depolarization  of  the  electrode).  These  subsidiary 
processes  can  be  neglected  as  long  as  the  hydrogen  reduction  current  is 
large.  If,  however,  the  density  of  the  polarizing  current  is  small,  the 
rates  of  the  processes  of  hydrogen  ion  reduction  of  other  oxidants  may 
become  comparable  which  causes  a  distortion  of  the  polarization  curve 
of  the  process  of  hydrogen  ion  reduction,  expressed  in  a  strong  de¬ 
crease  in  the  measured  overvoltage  at  low  current  densities  (see  Fig. 
69). 


Another  peculiar  source  of  difficulty  in  measurements  with  very 
low  current  densities  is  the  existence  of  the  charge  of  the  double  lay¬ 
er.  Let  us  assume  by  way  of  an  example  that  during  the  polarization 

—10  _ q 

measurement  we  have  varied  the  current  density  from  10  to  10  amp/ 

p 

cm  .  Then  the  electrode  potential  should  become  0.12  v  more  negative 

2 

for  which  we  must  supply  about  2  microcoulombs  per  cm  to  it  (if  we 

consider  the  capacitance  of  the  double  layer  to  be  18  microfarad  per 

2  —9  2 

cm  ).  Even  if  the  entire  polarization  current  (10  amp/cm  )  were  used 

—6  —9 

only  for  charging  the  surface,  we  would  need  2 ’10  /10  sec,  i.e., 

about  30  minutes  to  establish  the  new  potential.  Thus  the  large  capac¬ 
itance  of  the  double  layer  capacitor  complicates  the  polarization  meas¬ 
urements  at  extremely  low  current  densities  (for  example,  10-10  amp/ 

o 

cm  ) .  For  the  above  reasons  the  study  of  the  range  of  low  overvoltages 
on  metals  with  large  values  of  the  constant  a  involves  great  experimen¬ 
tal  difficulties. 

The  simple  relation  (136)  established  by  Tafel  on  the  basis  of  in— 
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Fig.  70.  Hydrogen  overvoltage  on 
the  lead  electrode  as  function 
of  the  current  density.  A)  Volt. 

sufficiently  accurate  experimental  data  has  now  been  verified  for  sev¬ 
eral  metals  over  a  broad  range  of  current  densities.  For  example,  it 
can  be  affirmed  with  assurance  that  for  the  mercury  electrode  it  has 

been  proved  to  be  correct  within  the  range  of  current  densities  from 
-7  2 

10  to  1  amp/cm  with  constant  values  of  the  coefficients  a  and  b\ 
with  somewhat  less  confidence  we  can  extend  this  range  to  current  den- 
sities  of  10  3  to  100  amp/cm  [lJ,  1 6 3 .  Thus  the  current  density  or  re¬ 
action  rate  can  be  varied  a  million  or  even  billion  times  and  the  same 
auantitative  relationship  can  be  maintained.  In  chemical  kinetics  there 
is  no  other  example  in  which  the  equation  for  the  reaction  rate  is  re¬ 
tained  over  such  a  large  range  of  variation  of  the  reaction  rate.  In 
such  cases,  depending  on  conditions,  the  reaction  mechanism  is  usually 
altered  and,  consequently,  the  law  is  modified.  In  this  respect  Eq. 
(136)  is  remarkable  for  its  simplicity  and  the  wide  range  of  reaction 
rates  to  which  it  is  applicable. 

However,  there  are  electrodes  for  which  a  more  complex  relation 
holds  within  a  certain  current  density  range.  For  example,  for  the  lead 
electrode,  as  Ya.M.  Kolotyrkin  has  shown,  the  dependence  of  the  over- 
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voltage  on  In  i  Is  represented  by  two  curves  Intersecting  at  a  certain 
relatively  low  current  density.  This  current  density  differs  somewhat 
for  the  transition  from  low  current  densities  to  higher  ones  and  con¬ 
versely,  which  causes  the  appearance  of  a  hysteresis  loop  on  the  polar¬ 
ization  curve  [19]  (see  Fig.  70).  Analogous  phenomena  are  observed  on 
cadmium  and  thallium  electrodes  [6].  For  all  these  three  metals  the  po¬ 
tential,  at  which  the  transition  from  one  curve  to  the  other  takes 
place,  lies  near  the  potential  of  the  zero  charge  point.  In  some  cases 
this  more  complex  polarization  dependence  can  be  connected  with  changes 
in  the  condition  of  the  surface  as  a  function  of  the  electrode  poten¬ 
tial.  Such  changes  of  the  condition  are  also  caused  by  the  frequently 
observed  prolonged  variations  of  the  overvoltage  when  a  constant  cur¬ 
rent  density  is  maintained. 

Some  researchers  have  expressed  the  opinion  that  if  the  current 
density  is  greatly  increased  the  increase  in  the  overvoltage  slows  down 
and  that  the  overvoltage  tends  to  its  limit  value  or  even  decreases 
[20],  These  works,  however,  have  caused  some  objections  and  the  reality 
of  the  described  phenomena  is  doubted.  Thus,  to  avo'd  the  need  for  in¬ 
troducing  corrections  for  the  potential  drop  in  the  solution,  these 
authors  measured  the  potential  drop  after  the  switching  off  of  the  cur¬ 
rent  and  extrapolated  the  potentials  to  the  moment  of  switching  off.  As 
pointed  out  previously,  extrapolation  can  easily  lead  to  errors  at  high 
current  densities.  It  has  been  shown  for  the  case  of  the  mercury  rela¬ 
tion  between  potential  and  the  time  elapsed  since  the  switching  off  of 
the  current  is  correctly  taken  into  account  (see  further  on),  the  re¬ 
sults  obtained  by  means  of  the  above-described  method,  confirm  the  ap¬ 
plicability  of  the  Tafel  equation  also  for  the  range  of  high  current 
densities . 

In  some  cases  anomalous  overvoltage  —  current  density  relations 
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are  observed  in  the  presence  of  impurities,  which  lower  the  overvoltage 
at  the  cathode,  if  the  latter  are  adsorbed  only  in  presence  of  strong 
cathodic  polarization  [21]. 

Several  works  have  described  how  the  current  during  hydrogen  evo¬ 
lution  tends  to  the  limit  value  in  proportion  to  an  increase  in  cathod¬ 
ic  polarization.  The  latter,  however,  is  usually  due  to  concentration 
and  not  to  electrochemical  polarization;  the  limit  current  in  these 
cases  can  be  Increased  by  intensified  mixing.  The  possibility  that  the 
hydrogen  evolution  current  reaches  the  limit  point  is  due  to  the  slow¬ 
ness  of  the  electrochemical  and  not  the  diffusion  process  has  not  yet 
been  completely  refuted  for  the  case  of  the  Ni  electrode  [16]. 

The  hydrogen  overvoltage  depends  greatly  on  temperature,  the  over¬ 
voltage  decreasing,  as  a  rule,  with  rise  in  the  temperature.  For  metals 
with  a  large  overvoltage,  such  as  mercury,  lead,  etc.,  the  temperature 
coefficient  of  the  overvoltage  at  medium  current  densities  is  about  2-4 
mv  per  degree.  The  slope  of  the  curves  which  represent  n  as  a  function 
of  log  t,  i.e.,  the  constant  b  in  Eq .  (136)  increases  with  increasing 
temperature  in  first  approximation  in  proportion  to  the  absolute  tem¬ 
perature.  In  other  words,  the  constant  a  in  Ea.  (l4bb)  is  practically 
Independent  of  temperature.  Hence  we  obtain  for  the  temperature  coeffi¬ 
cient  of  the  overvoltage  the  expression 

(&),-£+>'•  <W8) 

Because  da/dt  <  0,  the  absolute  magnitude  of  the  temperature  coef¬ 
ficient  of  the  overvoltage  is  greater  at  low  current  densities  and 
smaller  at  large  current  densities  as  can  be  seen  in  Fig.  71  where  the 
curves  of  the  hydrogen  overvoltage  on  a  mercury  electrode  in  a  solution 
of  0.25  N  H^SO^  at  temperatures  of  0.3°,  20°,  40°,  60°  and  80°C  are 
shown  [22]. 
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The  lowering  of  the  hydrogen  overvoltage  with  increasing  tempera¬ 
ture  indicates  an  acceleration  of  the  reaction  of  discharge  of  the  hy¬ 
drogen  ion.  As  we  know,  the  activation  energy  of  the  reaction  can  be 
determined  on  the  basis  of  the  relation  between  reaction  rate  and  tem¬ 
perature.  The  relation  between  the  temperature  coefficient  of  the  reac¬ 
tion  rate  v  and  the  activation  energy  W  is  expressed  by  the  Arrhenius 
equation 

4\n 9  r 

“if-fiT**  (139) 

The  use  of  Eq.  (138)  for  calculating  the  activation  energy  of  the 
discharge  of  the  hydrogen  ion,  however,  involves  certain  difficulties 
[23].  The  fact  is  that  when  v  is  differentiated  with  respect  to  f,  all 
other  variables  on  which  the  reaction  rate  depends,  such  as,  for  exam¬ 
ple,  the  concentrations  of  the  reacting  substances,  should  remain  con¬ 
stant.  In  the  case  of  an  electrochemical  reaction,  however,  the  rate  of 
the  process  depends  not  only  on  the  composition  of  the  solution  but  al¬ 
so  on  the  electrode  potential.  Hence,  when  we  apply  Eq .  (138)  to  an 
electrochemical  process,  we  must  keep  not  only  the  composition  of  the 
solution  constant  but  also  the  electrode  potential  when  we  differenti¬ 
ate  with  respect  to  T.  In  other  words,  the  magnitude  of  W  should  be 
found  from  the  equation 


/a  in  rv  w 
V  dT  Jf  ~  RT*  • 


(139a) 


In  practice,  however,  we  cannot  fulfill  the  condition  9  =  const 
during  the  comparison  of  current  densities  at  different  temperatures. 
This  is  due  to  the  fact  that  the  potentials  of  electrodes  which  are  at 
different  temperatures  are  not  directly  comparable  because  the  presence 
of  a  temperature  gradient  in  the  electrolyte  solution  causes  a  poten¬ 
tial  difference  to  be  formed  in  it  which  cannot  be  calculated  or  meas¬ 
ured  directly.  Hence  a  slightly  different  relation  is  normally  used  as 


-  218  - 


Fig.  71.  Hydrogen  overvoltage  on  the  mercury  electrode  as  a  function  of 
current  density  in  0.25  N  H5S0i.  solutions  at  different  temperatures. 

A)  Volt.  * 

a  basis  for  the  determination  of  the  activation  energy  of  the  discharge 
process,  namely  the  differentiation  of  In  i  with  respect  to  T  is  car¬ 
ried  out  not  at  constant  potential  but  at  the  constant  overvoltage  n  in 
consequence  of  which  one  avoids  the  necessity  of  comparing  the  poten¬ 
tials  of  electrodes  which  have  different  temperatures.  The  activation 
energy  thus  found,  in  contrast  to  W ,  is  designated  by  the  letter  A 

(139b) 

As  Temkin  [23]  has  shown,  the  following  simple  relation  exists  be¬ 
tween  W  and  A 

W  =*  A  -f  *17, 

where  q  is  the  quantity  of  heat,  absorbed  during  the  formation  of  1 
gram-equivalent  of  hydrogen  ions  from  gaseous  molecular  hydrogen  at  the 
equilibrium  potential. 

The  quantity  A  (like  W)  depends  on  n.  Indeed,  as  can  be  readily 
derived  from  Eq.  (136b), 

A-A^—Fn,  (1*0) 
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where  A Q  is  the  quantity  A  at  n  *  0.  According  to  the  most  accurate  da¬ 
ta  for  0.1  N  HC1,  Aq  is  21,700  calories.  The  physical  meaning  of  this 
quantity  will  be  defined  more  accurately  further  on. 

54.  THE  EXCHANGE  CURRENT 

The  existence  of  two  different  kinetic  laws  for  the  process  of  hy¬ 
drogen  evolution  at  high  and  low  overvoltages  should  not  be  interpreted 
as  the  result  of  the  existence  of  two  different  mechanisms  of  this 
process.  On  the  contrary,  it  is  easy  to  show  that  the  appearance  of  a 
proportionality  between  overvoltage  and  current  density  at  low  over¬ 
voltages  is  the  natural  consequence  of  the  logarithmic  relation  at  high 
current  densities.  The  following  reasoning  does  not  involve  the  assump¬ 
tion  of  the  correctness  of  any  reaction  mechanism. 

Up  to  now  we  have  always  understood  the  intensity  (or  density)  of 
the  anodic  or  cathodic  current  to  mean  the  current  flowing  in  the  ex¬ 
ternal  circuit  (for  example,  from  the  current  source)  and  passing 
through  the  electrode  under  consideration.  In  the  equilibrium  state  the 
measured  external  current  is  zero.  However,  as  we  know,  from  the  point 
of  view  of  molecular  kinetics,  the  equilibrium  state  cannot  be  regarded 
as  a  state  of  quiescence.  A  constant  exchange  takes  place  between  the 
molecular  hydrogen  and  the  hydrogen  ions  in  the  solution.  A  certain 
number  of  molecules  goes  over  into  the  ionic  state,  yielding  electrons 
to  the  electrode;  at  the  same  time  an  equivalent  number  of  ions  is  dis¬ 
charged,  absorbing  excess  electrons.  By  the  magnitude  of  the  exchange 
current  i°  is  meant  the  quantity  of  electricity  participating  in  unit 
time  in  this  exchange  reaction. 

The  existence  of  an  exchange  current  at  the  equilibrium  potential 
can  be  demonstrated  by  the  method  of  labeled  atoms.  If,  for  example, 
the  hydrogen  electrode  is  immersed  in  a  solution  containing  heavy  wa- 
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ter,  but  saturated  with  normal  hydrogen,  then  even  in  absence  of  polar¬ 
ization  of  the  electrode  the  presence  of  heavy  hydrogen,  deuterium,  in 
the  gas  phase  can  be  demonstrated.  The  exchange  current  can  be  even 
more  clearly  detected  by  means  of  the  unstable  hydrogen  atoms  with  the 
atomic  weight  3,  tritium,  which  is  radioactive.  It  should  be  pointed 
out,  however,  that  when  the  exchange  current  is  determined  quantita¬ 
tively  by  this  method,  the  difference  existing  between  the  reactivity 
of  the  different  isotopes  must  be  taken  into  account.  Thus,  the  ex¬ 
change  current  between  deuterium  and  the  D+  ion  is  slightly  less  than 
the  exchange  current  between  hydrogen  and  the  H+  ion. 

If  the  electrode  is  polarized,  the  equilibrium  is  disturbed  and 
the  number  of  ions  formed  in  unit  time  is  no  longer  equal  to  the  number 
of  those  which  disappear.  The  quantity  of  electricity  required  in  unit 

p 

time  per  cm  of  surface  during  the  process  of  the  discharge  of  the  hy¬ 
drogen  ions  we  shall  term  the  discharge  current  density  and  designate 
it  by  t.  The  ionization  current  density  t  is  defined  analogously. 

During  cathodic  polarization  of  the  electrode  the  discharge  cur¬ 
rent  exceeds  the  ionization  current  by  the  amount  of  the  polarizing 
cathodic  current, 

/K=7-r.  (1H1> 

In  proportion  to  the  increase  in  the  cathodic  polarization  the 
quantity  t  increases;  conversely,  there  is  not  reason  for  assuming  an 
increase  in  t;  if  the  polarization  is  sufficiently  great,  one  can  thus 
neglect  i  compared  with  t  and  approximately  assume  that  i K  =  i. 

The  external  current  of  the  anodic  polarization  is  equal  to  the 
excess  of  the  ionization  current  over  the  discharge  current : 

/A-T-n  (141a) 

In  a  completely  analogous  manner  we  can  approximately  assume  = 

•  i  if  the  anodic  polarization  is  sufficiently  high. 
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During  equilibrium  the  measured  external  current  is  zero  and  the 
discharge  current  is  equal  to  the  ionization  current 

5-5- ft 

where  i  ,  according  to  definition,  is  the  exchange  current. 

The  previously  described  experimental  regularities  which  connect 
overvoltage  and  current  density,  related  to  the  directly  measured  cath¬ 
odic  and  anodic  currents  and  not  to  the  discharge  or  ionization  cur¬ 
rents.  Because,  however,  the  logarithmic  relation  is  observed  in  the 
range  of  large  polarizations,  in  which  the  cathodic  and  anodic  currents 
can  be  approximately  equated  with  the  discharge  and  ionization  cur¬ 
rents,  respectively,  it  can  be  inferred  that  the  logarithmic  relation 
is  also  typical  for  these  currents. 

The  equation  (136)  for  the  cathodic  polarization  can  thus  be  writ¬ 
ten  in  the  form 

,|C 

'he  ■*  +  b*.  1°  l  or  ivk'e^*,  (1^2) 

(where  k'  «  e~^aK^K^)t  and  for  the  anodic  polarization, 

*A 

ija « <»a  +  &a In /  or  i—k'e**,  (1^3) 

(where  <"  =  e~^aA^A^). 

Let  us  make  the  only  assumption  that  this  logarithmic  relation  for 
the  discharge  and  ionization  currents  which  applies  over  a  broad  range 
of  potentials,  also  holds  in  the  range  close  to  the  equilibrium  poten¬ 
tial  of  the  hydrogen  electrode. 

Then  we  can  write  for  the  cathodic  current  at  low  polarizations 

It  follows  from  the  equilibrium  condition  i  =  0  at  =  nA  *  0 
that  k'  *  k"  **  i° .  Moreover,  according  to  the  definition  of  overvolt 
age,  according  to  Eqs.  (135)  and  (135a),  nK  =  -t1a*  Ec?uation  thus 

can  be  rewritten  in  the  form 
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(lMa) 


*K  _'K 

If  the  electrode  polarization  is  small,  and  the  overvoltage  is  low 
compared  with  by  and  Z>A,  the  exponential  terms  of  Eq.  (l^a)  can  be  ex¬ 
panded  into  series  and  we  can  limit  ourselves  to  the  first  two  terms  of 
the  expansion 


and  of  the  cathodic  and  anodic  currents. 


The  same  relation  is  obtained  for  i A  so  that  the  index  k  at  i  and 
n  in  Eq.  (1^5)  can  be  omitted: 


<  = 


(lH5a) 


It  can  be  seen  from  the  derivation  of  Eq.  (1^5)  that  the  propor¬ 


tionality  between  overvoltage  and  current  density  at  low  polarization 
arises  naturally  as  a  result  of  the  superposition  of  two  processes,  the 
discharge  process  and  the  ionization  process,  each  of  which  obeys  a 
logarithmic  law.  Moreover  from  this  equation  follows  the  relation  be¬ 
tween  the  constants  at  b  and  w  of  the  experimental  overvoltage  equa¬ 


tions  (136)  and  (137) 
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The  foregoing  is  clearly  illustrated  by  Fig.  72  in  which  the  over 
voltage  is  shown  as  a  function  of  the  discharge  and  ionization  currents 
and  also  of  the  density  of  the  external  current.  The  points  correspond¬ 
ing  to  the  values  t,  X  and  iy.  *  X  —  X  and  in  the  same  manner,  those 
corresponding  to  the  values  Xt  X  and  *  X  —  X  at  a  given  lie  on 
lines  which  are  parallel  to  the  abscissa  at  the  corresponding  values  of 
nK  or  nA*  ^  evident  from  Fig.  72  that  near  the  equilibrium  poten¬ 
tial  (n  *  0)  the  curve  plotted  on  the  basis  of  the  absolute  differences 
of  the  abscissae  of  the  logarithmic  curves  is  a  straight  line  which 
passes  through  the  origin  of  the  coordinates;  when  the  polarization  is 
increased,  the  linearity  is  lost  and  the  curve  for  the  external  current 


Fig.  73-  Overvoltage  as  a  function  of  the  logarithm  of  the  discharge 
and  ionization  current  densities  and  the  logarithm  of  the  cathodic  and 
anodic  currents.  A)  Volt. 


approximates  increasingly  a  logarithmic  curve.  The  points  of  intersec¬ 
tion  of  curves  for  X  and  X  with  the  abscissa  axis  (with  the  overvoltage 
value  r,  «  0)  give  the  exchange  current.  In  the  semilogarithmic  presen¬ 
tation  these  curves  assume  the  form  shown  in  Fig.  73-  With  this  method 
of  representation  the  curves  for  the  discharge  current  and  the  ioniza- 


224 


tion  current  are  linear  over  the  entire  range  of  current  densities. 

We  remember  that  from  the  polarization  measurements  we  can  deter¬ 
mine  directly  only  the  overvoltage  —  external  current  curves.  It  fol¬ 
lows  from  Fig.  73  that  by  an  indirect  method  one  can  find  the  exchange 
current  from  the  polarization  measurements  if  we  extrapolate  the  linear 
section  of  the  overvoltage  curve  (in  the  semilogarithmic  coordinate 
system)  the  the  overvoltage  value  of  zero.* 

§5.  EFFECT  OF  THE  COMPOSITION  OF  THE  SOLUTION  ON  THE  HYDROGEN  OVER¬ 
VOLTAGE 

Of  great  importance  for  the  elucidation  of  the  mechanism  of  the 
electrochemical  reaction  of  cathodic  hydrogen  separation  and  for  the 
determination  of  the  causes  of  the  overvoltage  is  the  investigation  of 
the  effect  of  the  composition  of  the  solution  on  the  overvoltage.  This 
problem  has  been  repeatedly  examined  in  the  foreign  electrochemical 
literature  but  has  not  been  solved  correctly.  In  most  older  works,  in 
review  articles  and  textbooks  the  concept  of  the  independence  of  the 
overvoltage  of  the  composition  of  the  solution  and,  in  particular,  of 
the  hydrogen  ion  concentration  or  pH  of  the  solution  has  taken  a  firm 
hold.  Actually,  however,  as  follows  from  the  Investigations  of  the 
Czech  scientist  Herasymenko  [63]  and,  particularly,  from  the  work  of 
Soviet  authors,  the  composition  of  the  solution  exerts  a  strong  influ¬ 
ence  on  the  kinetics  of  hydrogen  separation  and  on  the  overvoltage. 
Within  the  framework  of  this  course  it  is  not  possible  to  present  all 
the  experimental  data;  let  us  consider  merely  a  few  important  cases. 

The  hydrogen  overvoltage  in  not  very  concentrated  solutions  of 
strong  acids  which  do  not  contain  foreign  electrolytes  (for  example, 
neutral  salts)  is  really  independent  of  the  concentration  of  the  acid, 
i.e.,  of  the  pH  of  the  solution.  Thus,  for  example,  the  polarization 
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curvea  of  the  process  of  hydrogen  evolution  at  the  mercury  cathode  from 
0.1  N,  0.01  N  and  0.001  N  HC1  solutions  coincide  almost  completely 


Fig.  74.  Hydrogen  overvoltage  on  the  mercury  electrode  as  a  function  of 
the  current  density  in  buffer  solutions  within  the  pH  range  of  1  to  7; 
A)  Volt. 

[24].  This  coincidence  was  the  cause  of  the  widespread  belief  that  the 
overvoltage  is  independent  of  the  pH  of  the  solution.  However,  as  will 
be  shown  further  on,  this  independence  of  the  overvoltage  of  the  pH  in 
pure  solutions  of  strong  acids  is  the  result  of  the  opposite  effect  of 
two  factors  and  should  by  no  means  be  regarded  as  a  typical  feature  of 
the  process  of  hydrogen  separation.  On  the  contrary,  in  all  other  cases 
the  overvoltage  varies  considerably  as  a  function  of  the  pH  of  the  so¬ 
lution,  on  the  total  electrolyte  concentration  and  on  the  presence  of 
surface-active  substances  in  the  solution. 

The  most  typical  measurement  results  are  those  on  the  overvoltages 
in  solutions  with  constant  total  electrolyte  concentration  in  which  the 
pH  is  varied  by  variation  of  the  ratio  of  the  individual  components, 
for  example,  in  buffer  solutions  or  in  acidified  salt  solutions  [25]. 
Figure  74  shows  the  curves  of  the  overvoltage  during  hydrogen  separa- 
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tlon  at  the  mercury  electrode  as  a  function  of  the  logarithm  of  the 
current  density  In  solutions  with  a  total  electrolyte  concentration  of 
0.3  eq/liters;  the  pH  of  these  solutions  was  varied  from  1  (0.1  N  hy¬ 
drochloric  acid  +  0.2  N  KC1)  to  7  (phosphate  buffer  solution).  If  com¬ 
paring  the  overvoltages  in  these  solutions  at  the  same  current  density, 

_ji  p 

for  example,  at  i  *  10  amp/cm  (Fig.  75 »  left),  it  can  be  seen  that 


Fig.  75.  Hydrogen  overvoltage  at 
the  mercury  electrode  as  a  function 
of  the  pH  of  the  solution  at  a  cur¬ 
rent  density  of  1*10“^  amp/cm2; 

A)  Volt. 


Fig.  76.  Hydrogen  overvolt¬ 
age  in  0.001  N  solutions  of 
HC1  +  xKCl  as  a  function  of 
total  electrolyte  concen¬ 
tration  o  *  0.001  +  x  at  a 
current  density  i  *  10-i* 
amp/cm2;  A)  Volt;  B)  mole/ 
liter. 


the  overvoltage  increases  by  about  55-58  mv  with  unit  increase  of  the 
pH. 

Also  of  interest  are  the  overvoltage  measurements  in  solutions 
with  constant  pH,  in  which  the  total  electrolyte  concentration  is  in¬ 
creased  by  the  addition  of  neutral  indifferent  salts.  Figure  76  shows 
the  measurement  results  on  the  mercury  electrode  in  0.001  N  solutions 
of  hydrochloric  acid,  containing  different  concentrations  of  potassium 
chloride,  in  which  the  overvoltages  are  compared  at  constant  current 
density  [26].  It  follows  from  these  data  that  when  the  total  concentra¬ 
tion  of  the  uni-univalent  electrolyte  is  increased  ten  times  at  con- 
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stant  pH,  the  overvoltage  Increases  by  about  55-56  mv.  Neutral  salts 
with  polyvalent  cations  exert  a  particularly  strong  influence  on  the 
hydrogen  overvoltage.  Thus,  for  example,  the  addition  of  1*10-1<  eq/ 
liter  of  lanthanum  chloride  to  0.001  N  HC1  solution  increases  the  over¬ 
voltage  by  0.120  v,  i.e.,  it  has  the  same  effect  as  the  addition  of  0.1 
eq/liter  of  potassium  chloride  [ 2h ] . 

Analogous  regularities  are  observed  on  other  metals,  for  example, 
nickel,  although  they  are  often  less  clearly  expressed  than  at  the  mer¬ 
cury  electrode. 

Relatively  little  experimental  data  are  as  yet  available  for  alka¬ 
line  solutions.  The  direct  quantitative  study  of  the  process  of  hydro¬ 
gen  separation  on  the  mercury  electrode  at  a  pH  over  8  is  difficult  be¬ 
cause  the  potential  of  hydrogen  separation  is  so  strongly  shifted  to 
the  negative  side  that  in  addition  to  hydrogen  separation  the  process 
of  discharge  of  alkali  metal  ions  with  formation  of  amalgam  begins.  For 
this  reason  the  rate  of  the  hydrogen  separation  reaction  at  the  mercury 
electrode  in  alkaline  solution  at  a  given  overvoltage  can  be  determined 
only  by  the  volume  of  liberated  hydrogen  or  indirectly  from  the  data 
on  the  kinetics  of  the  decomposition  of  the  amalgams  of  the  alkali  met¬ 
als  [27,  8]  (see  Chapter  8).  On  other  metals,  on  which  the  hydrogen 
overvoltage  is  less  (for  example,  on  nickel  or  platinum),  direct  meas¬ 
urements  are  possible  [13]. 

The  results  obtained  for  the  nickel  and  mercury  electrode  show 
that  in  alkaline  solutions,  in  contrast  to  acid  solutions,  the  hydrogen 
overvoltage  does  not  increase,  but,  on  the  contrary,  decreases  by  ap¬ 
proximately  58  mv  if  the  pH  increases  by  unity,  i.e.,  if  the  alkali 
concentration  is  increased  tenfold.  This  regularity,  however,  is  not 
observed  in  the  case  of  the  platinum  electrode  on  which  the  overvoltage 
in  alkaline  solutions  depends  only  slightly  on  concentration.  In  a  nor- 
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mal  alkaline  solution  the  overvoltage  at  the  nickel  electrode  has  al¬ 
most  the  same  value  as  in  normal  acid;  on  mercury  it  is  slightly  great¬ 
er  in  alkaline  solution.  The  curves  for  the  overvoltage  as  a  function 
of  pH  for  the  mercury  electrode  in  acid  and  alkaline  solutions  with 
constant  total  electrolyte  concentration  are  given  in  Pig.  75* 

The  above-given  simple  regularities  are  observed  in  not  too  con¬ 
centrated  electrolyte  solutions.  In  solutions  with  an  electrolyte  con¬ 
centration  of  more  than  0.5-1  eq/liter,  deviations  are  observed  which 
increase  with  increase  in  concentration. 

The  problem  of  the  hydrogen  overvoltage  in  concentrated  solutions 
is  of  great  practical  importance  because  in  engineering  one  often  has 
to  deal  with  concentrated  solutions,  for  example,  in  electrometallurgi¬ 
cal  processes  (electrolytic  refining  of  copper  and  other  metals),  in 
industrial  electrolysis,  corrosion  of  metals,  etc.  A  detailed  study  of 
overvoltage  in  concentrated  solutions  of  acids,  carried  out  by  Z.A.  . 
lofa,  showed  that  the  independence  of  the  overvoltage  on  acid  concen¬ 
tration  observed  in  dilute  solutions  does  not  apply  here  and  that  the 
overvoltage  decreases  regularly  with  increase  in  the  acid  concentra¬ 
tion.  Figure  77  gives  curves  of  the  overvoltage  as  a  function  of  the 
logarithm  of  the  current  density  in  hydrochloric  acid  solutions.  The 
upper  curve  shows  the  overvoltages  in  0.1  N  solution.  As  pointed  out 
previously,  the  overvoltage  curves  for  more  dilute  solutions  practical¬ 
ly  coincide  with  the  curve  for  the  0.1  N  solution.  The  overvoltage 
curves  for  more  concentrated  solutions  are  lower;  these  curves  are  no 
longer  parallel.  The  decrease  in  the  overvoltage  at  low  current  densi¬ 
ties  and  moderate  concentration  is  more  pronounced  than  for  high  con¬ 
centrations;  in  very  low  concentrations  it  is  more  pronounced  than  for 
high  concentrations;  in  very  concentrated  solutions  it  attains  several 
tenths  of  a  volt.  Thus,  the  effect  of  the  drop  of  the  overvoltage  is 


-  229  - 


quite  considerable;  it  corresponds  to  an  increase  in  current  density, 
i.e.,  the  reaction  rate  at  the  same  overvoltage  (line  A-A  ')  of  several 
thousand  times  [7]. 

When  studying  and  comparing  the  kinetic  regularities  in  solutions 
with  different  pH  it  is  best  to  compare  the  potentials  of  the  polarized 
electrode  and  not  the  overvoltages.  The  fact  is  that  when  the  pH  of  the 
solution  varies,  the  variation  of  the  overvoltage  is  due  not  only  to 
the  shift  of  the  potential  of  the  polarized  electrode  but  also  to  the 
potential  shift  of  the  equilibrium  electrode.  Hence  the  overvoltage 
variation  upon  transition  to  a  solution  with  different  pH  cannot  serve 
as  a  characteristic  of  the  potential  variation  of  the  polarized  elec¬ 
trode. 


Fig.  77.  Hydrogen  overvoltage  at  the  mercury  electrode  as  a  function  of 
current  density  in  concentrated  solutions  of  hydrochloric  acid.  A) 

Volt. 

It  has  been  pointed  out  In  the  foregoing  that  in  dilute  solutions 
of  pure  strong  acids  the  overvoltage  is  independent  of  the  acid  concen¬ 
tration.  This  means  that  the  potential  of  the  polarized  cathode  at  a 
certain  constant  current  density  is  shifted  as  a  function  of  pH  approx¬ 
imately  in  the  same  way  as  the  potential  of  the  equilibrium  electrode, 
i.e.,  by  58  mv  to  the  positive  side  if  the  hydrogen  ion  concentration 


is  increased  tenfold.  The  equation  for  the  potential  as  a  function  of 
the  hy  .rogen  ion  concentration  and  the  current  density  is  obtained  by 
substituting  the  respective  expressions  for  the  overvoltages  (see  Eq. 
(136b)) 

,-a+^lnf  (147) 

and  for  the  potential  of  the  equilibrium  hydrogen  electrode 

PT 

Ip  -  const  +  -y-  In  [H*J  (134a) 

into  the  equation  n  =  -  9 (Eq.  135a): 

f  «■  const  +  y  In [H*]  —  In i. 

In  solutions  containing  in  addition  to  acid  a  neutral  salt  with 
constant  total  electrolyte  concentration,  the  overvoltage  at  i  *  const 
decreases  by  55-58  mv  when  the  pH  decreases  by  unity,  i.e.,  it  obeys 
the  law 

In  +  ^  In/,  (149) 

where  a'  is  a  constant  independent  of  the  pH.  The  equilibrium  potential 
is  then  shifted  by  the  same  amount  to  the  positive  side.  This  means 
that  with  tenfold  Increase  In  the  hydrogen  ion  concentration  the  elec¬ 
trode  potential  at  i  =  const  becomes  2  *  0.058  =  0.116  v  more  positive: 

<p  =  const  +  ^ln[H’]-^ln/.  (150) 

In  the  last  equation  the  coefficients  in  front  of  the  logarithm  of 
the  hydrogen  ion  concentration  and  the  logarithm  of  the  current  density 
are  equal  in  magnitude  but  differ  in  sign.  This  circumstance  allows  an 
Important  conclusion  with  regard  to  the  order  of  the  reaction  of  cath¬ 
odic  hydrogen  separation;  equation  (150)  can  be  rewritten  in  the  form 

xF 

/  =  *[  H*)*'™7.  (151) 

from  which  follows  that  a  constant  electrode  potential  the  rate  of  the 
reaction  (current  density)  Is  directly  proportional  to  the  hydrogen  ion 
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concentration  in  the  solution,  i.e.,  that  the  reaction  of  the  discharge 
of  hydrogen  ions  is  a  first-order  reaction. 

It  is  easy  to  see  that  the  law  ( 1 h 8 )  corresponds  to  a  reaction  or¬ 
der  of  one-half;  it  will  be  shown  further  on,  howe\jr,  that  this  frac¬ 
tional  order  of  the  reaction  is  merely  apparent  and  that  in  this  case 
the  reaction  is  also  a  first-order  reaction. 

In  alkaline  solutions  with  constant  electrolyte  concentration  the 
overvoltage  at  the  mercury  electrode  decreases  approximately  by  58  mv 
when  the  pH  increases  by  unity;  the  eauilibrlum  potential  is  then 
shifted  the  same  amount  to  the  negative  side.  It  follows  from  this  that 
in  alkaline  solutions  at  constant  current  density  the  electrode  poten¬ 
tial  remains  constant  and  independent  of  the  pH 

v  =  const -2*T |n  i.  (152) 

In  this  case  the  hydrogen  ion  concentration  does  not  affect  the 
rate  of  hydrogen  separation  and  the  reaction  is  of  zeroth  order  with 
respect  to  the  hydrogen  Ions. 

Equation  (150),  which  expresses  the  cathode  potential  as  a  func¬ 
tion  of  the  hydrogen  ion  concentration  at  constant  total  electrolyte 
concentration,  enables  us  to  derive  the  equation  for  the  concentration 
polarization  during  the  separation  of  hydrogen  from  solution  of  acids, 
containing  an  excess  of  an  indifferent  salt.  The  concentration  polari¬ 
zation  is  caused  by  a  decrease  in  the  hydrogen  ion  concentration  near 
the  electrode  surface  during  the  passage  of  current.  According  to  Eq. 
(56)  the  concentration  at  the  surface*  [H+]e  is  connected  with  the  vol¬ 
ume  concentration  of  the  hydrogen  ions  [H+]^,  the  current  density  i  and 
the  limit  current  density  i ^  by  the  relation 


|HT=|HT(l-5).  (153) 

By  substituting  (153)  into  Eq.  (150)  which,  during  concentration 
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polarization,  naturally  contains  the  H+  ion  concentration  at  the  sur¬ 
face  and  not  in  the  volume,  we  obtain 

f  =  const  +  +  In  (154) 

Because  the  limit  current  density  i ^  is  proportional  to  the  volume 
concentration  H+,  the  relation  [H+]°/t^  is  a  constant  and  Eq.  (154)  as¬ 
sumes  the  form 

f  =  const  -f  ~  In  .  (155) 

t 

ft 

-y  ^  .tf  ,  .(|  — 

A* 

Fig.  78.  Current  density  as  a  function  of  potential  during  concentra 
tion  polarization  for  the  case  of  discharge  of  the  hydrogen  ion.  A) 

Volt  (n.v.e.). 


Equation  (155)  is  formally  reminiscent  of  the  equation  for  the 
concentration  polarization  for  the  deposition  of  a  metal  with  formation 
of  amalgam  (Eq.  (6la)  at  n  -  1/2.  The  current  density  i  as  a  function 
of  the  potential  9  is  expressed  by  the  waveshaped  curve  shown  in  Fig. 
78,  in  consequence  of  which  Eq.  (155)  is  termed  the  eouation  of  the  hy¬ 
drogen  wave.  As  follows  from  Eq .  (154),  the  half-wave  potential  during 
hydrogen  separation  at  the  mercury  electrode  from  acid  solutions  in 
presence  of  an  excess  of  indifferent  electrolyte  is  independent  of  the 
hydrogen  ion  concentration  in  the  solution.  However,  because  the  quan¬ 
tity  LH+]°/i^  enters  into  this  equation,  this  potential  is  slightly  de¬ 
pendent  on  *-  ne  conditions  of  supply  of  the  substance  to  the  electrode. 
Under  normal  conditions  of  operation  of  the  drop  electrode  it  is  —1.34 
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In  spite  of  the  external  similarity  between  the  hydrogen  wave 
equation  and  the  concentration  polarization  equation  during  the  forma¬ 
tion  of  amalgam  there  is  an  important  difference  between  them.  For  the 
reaction  of  amalgam  formation,  which  is  a  reversible  electrochemical 
process,  involving  only  concentration  polarization,  the  quantity  n  is 
an  integral  number  which  expresses  the  valency  of  the  metal;  in  the 
case  of  the  irreversible  process  of  hydrogen  separation  this  quantity 
is  replaced  by  a  certain  fraction  which  characterizes  the  dependence 
of  the  rate  of  the  electrode  process  on  the  potential.* 

There  are  several  substances  whose  addition  to  the  solution  alters 
the  hydrogen  overvoltage  considerably,  although  these  substances  do  not 
participate  directly  in  the  electrode  reaction. 

The  simplest  and  most  obvious  case  is  that  when  the  addition  of  a 
substance  alters  the  composition  or  properties  of  the  surface  of  the 
metallic  electrode.  If  we  use,  for  example,  a  lead  electrode  and  add  a 
certain  quantity  of  platinum  chloride  to  the  electrolyte,  the  platinum 
is  deposited  on  the  lead;  following  this,  the  separation  of  hydrogen 
will  take  place  predominantly  on  the  crystals  of  the  deposited  platinum 
and,  consequently,  the  overvoltage  on  this  electrode  will  be  consider¬ 
ably  reduced. 

Additions  of  organic  acids  or  alcohols  can  cause  a  very  marked 
increase  in  the  overvoltage,  attaining  0. 1-0.2  v,  which  corresponds  to 
a  decrease  in  the  rate  of  hydrogen  separation  (at  constant  overvoltage) 
by  a  factor  of  tens  or  hundreds  [6l],  With  increase  in  the  length  of 
the  carbon  chain  of  the  organic  substances  their  effect  increases  at  a 
given  concentration.  The  increase  in  the  overvoltage,  however,  Is  ob¬ 
served  only  within  a  fairly  narrow  potential  range  which  is  not  very 
far  from  the  zero  charge  potential  in  a  given  solution. 
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Fig.  79.  Effect  of  organic  surface-active  molecules  on  the  hydrogen 
overvoltage  on  the  mercury  electrode:  1)  Overvoltage  as  a  function  of 
the  current  density  in  2  N  HCi;  2)  overvoltage  as  a  function  of  the 
current  density  in  the  same  solution  in  presence  of  caproic  acid.  A) 
Volt. 


Figure  79  gives  the  curve  of  the  hydrogen  overvoltage  at  the  mer¬ 
cury  electrode  in  a  solution  of  pure  2  N  hydrochloric  acid  and  in  the 
same  solution,  containing  caproic  acid  [29].  As  this  diagram  shows,  the 
effect  of  the  caproic  acid  on  the  reaction  of  hydrogen  separation  is 
apparent  only  at  low  current  densities  when  the  overvoltage  is  less 
than  1.020  v.  As  soon  as  this  overvoltage  is  attained,  the  effect  ceas¬ 
es;  the  current  density,  with  the  overvoltage  almost  constant,  increas¬ 
es  to  the  value  typical  for  the  pure  solution  of  hydrochloric  acid.  At 
greater  current  densities  the  overvoltage  curves  for  a  solution  of  pure 
hydrochloric  acid  and  for  a  solution  containing  caproic  acid  coincide 
completely . 

It  is  natural  to  connect  the  cessation  of  the  effect  of  the  cap¬ 
roic  acid  on  the  reaction  of  hydrogen  separation  at  more  negative  poten¬ 
tials  than  -1.00  v*  with  the  desorption  of  the  acid  molecules  from  the 
electrode  surface.  This  is  also  indicated  by  the  data  on  the  electro¬ 
capillarity  measurements  in  these  solutions  and  the  measurements  of  the 
double  layer  capacitance,  from  which  follows  that  the  caproic  acid  is 
adsorbed  on  the  surface  of  the  mercury  electrode  within  the  potential 
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Fig.  80.  Effect  of  surface-active  anions  on  the  hydrogen  overvoltage  at 
the  mercury  electrode.  Overvoltage  as  a  function  of  the  current  density 
in  acidified  1  N  solutions  of  the  salts:  1)  Na-SO.. ;  2)  KC1 :  3)  KBr ;  4) 
KI.  A)  Volt.  * 


range  from  +0.055  v  to  —1.00  v  (relative  to  the  standard  hydrogen  elec¬ 
trode),  i.e.,  that  exactly  at  a  potential  of  -1.00  v  complete  desorp¬ 
tion  of  the  caproic  acid  takes  place.  It  follows  from  this  that  the  ef¬ 
fect  of  organic  alcohols  and  acids  and  also  of  other  organic  substances 
is  connected  with  an  adsorption  of  these  molecules  on  the  electrode 
surface. 

An  even  greater  variation  of  the  hydrogen  overvoltage  than  in  the 
case  of  adsorption  of  neutral  molecules  is  observed  when  surface-active 
ions  are  adsorbed. 

The  adsorption  of  anions  on  mercury  results  in  a  lowering  of  the 
hydrogen  overvoltage  as  can  be  gaged  from  Fig.  80,  in  which  the  over¬ 
voltage  curves  on  mercury  for  acidified  solutions  of  the  salts  Na2S0ll, 

KC1,  KBr  and  K.i  [30]  are  shown.  The  overvoltage  curve  for  an  inactive 

_8 

electrolyte  (1  N  Na2S0^)  within  the  current  density  range  from  5*10 
— ?  2 

to  10  amp/cm  is  a  straight  line.  The  curves  for  the  solutions  con¬ 
taining  surface-active  halogen  ions,  at  moderate  current  densities, 
show  a  considerable  decrease  in  the  overvoltage.  At  large  current  den¬ 
sities  the  effect  of  the  lowering  of  the  overvoltage  disappears.  As  in 
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the  case  of  the  organic  alcohols  and  acids,  the  cessation  of  the  effect 
of  the  anions  on  the  process  of  hydrogen  separation  is  connected  with 
a  desorption  of  the  anions  from  the  electrode  surface  at  a  fairly  large 
negative  surface  charge.  In  accordance  with  the  results  of  the  electro¬ 
capillarity  measurements,  the  potential  at  which  the  anion  ceases  to 
influence  the  hydrogen  overvoltage  is  the  more  negative,  the  greater 
the  adsorption  of  the  anion. 

A  considerable  increase  in  the  hydrogen  overvoltage  is  caused  by 
the  adsorption  on  the  surfaces  of  metallic  electrodes  of  positively 
charged  organic  ions,  such  as,  for  example,  the  cations  of  tetraalkyl- 
ammonium  bases.  In  contrast  to  the  surface-active  anions,  these  sub¬ 
stances  are  adsorbed  on  fhe  negatively  charged  electrode  surface  and 
are  desorbed  at  more  positive  potentials  than  the  zero  charge  poten 
tial.  The  effect  of  these  substances  should  therefore  be  particularly 
pronounced  in  the  range  of  fairly  high  current  densities  and  relatively 


Fig.  8l.  Effect  of  surface-acti\ e  cations  on  hydrogen  overvoltage  at 
the  mercury  electrode:  1)  Overvoltage  in  1  N  H?SOj, :  2)  in  1  N  H-SOj.  + 

+  0.0025  N  [N(Cl4H9)!(]2SOil;  A)  volt. 

large  overvoltages  (see  Fig.  8l).  Some  other  basic  organic  substances 
such  as,  for  example,  quinine,  diphenylamine,  etc.,  cause  a  decrease  in 
the  hydrogen  overvoltage  [62].  Further  on  we  shall  consider  the  mechan¬ 
ism  of  this  last  effect. 
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§6.  CAUSES  OF  THE  APPEAPANCE  OF  OVERVOLTAGE 

The  accumulation  of  a  large  number  of  experimental  data  on  the 
kinetics  of  the  cathodic  separation  of  hydrogen  has  led  to  several  at¬ 
tempts  at  a  generalized  and  theoretical  interpretation.  During  the  50 
and  more  years  which  have  passed  since  the  study  of  hydrogen  overvolt¬ 
age  had  begun,  numerous  theories  have  appeared  trying  to  explain  this 
phenomenon.  Many  of  these  theories  are  only  of  histcrical  interest  at 
the  present  time  and  we  shall  not  dwell  on  them  in  greater  detail  in 
the  following.  Others,  conversely,  have  been  widely  developed  and  con¬ 
firmed  by  experimental  data. 

A  theory  of  the  hydrogen  overvoltage  ought  to  prov  .ue  a  physical 
explanation  for  the  regularities,  found  experimentally  and  should  con¬ 
nect  these  regularities  with  other  known  physical  and  chemical  phenom¬ 
ena.  A  correctly  constructed  theory  enables  as  yet  not  investigated 
regularities  to  be  predicted  and  to  control  the  electrochemical  proc¬ 
esses  involving  hydrogen  separation,  deliberately. 

The  electrode  reaction  during  the  discharge  of  hydrogen  ions  takes 
place  in  two  sequential  stages  which  can  be  represented  in  the  follow¬ 
ing  way*: 

2H*  -f  2c  i*  2li-il  Ht.  (A) 

In  consequence  of  the  existence  of  repulsive  forces  between  particles 
with  like  charge,  two  hydrogen  ions  cannot  be  discharged  at  the  same 
point  of  the  electrode  surface  simultaneously;  hence,  when  hydrogen  is 
deposited,  atoms  are  first  formed  and  not  hydrogen  molecules.  The  atoms 
formed  during  the  discharge  process  then  are  transformed  into  hydrogen 
molecules  by  a  secondary  chemical  reaction.  Only  the  first  of  these 
stages  is  a  real  electrochemical  process,  i.e.,  connected  with  an  al¬ 
teration  of  the  charge  of  the  reacting  particles.  The  second  stage  is  a 
normal  chemical  reaction,  which  takes  place  at  the  electrode  surface. 
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The  most  widespread  theories  of  hydrogen  overvoltage  can  be  com¬ 
bined  into  two  groups  depending  on  which  of  these  two  stages  they  con¬ 
nect  with  the  cause  of  the  overvoltage. 

Let  us  consider  the  equilibrium  state  between  the  hydrogen  ions 
and  atoms  and  between  the  atoms  and  molecules 

( a* ) 

2H*  -f2e^2H,  v  ' 

2H  Zl  H,.  (A") 

These  equilibria  are  of  a  dynamic  nature  and  involve  exchange 
processes.  Let  us  designate  the  exchange  rates  for  the  first  and  second 
stage  (in  electrical  units)  by  and  i These  quantities  play  for 
each  stage  separately  the  same  part  as  the  current  exchange  t°,  defined 
in  the  preceding  chapter,  plays  for  the  process  as  a  whole. 

When  current  passes  through  the  electrode,  the  equilibrium  is  up¬ 
set;  at  the  cathode,  for  example,  the  reactions  (A')  and  (A”)  proceed 
from  left  to  right.  Let  us  introduce  the  quantities  t ^  and  which  de¬ 

termine  the  rate  of  the  cathodic  and  anodic  reactions  for  the  first 
stage  (discharge  and  ionization  currents)  and  the  analogous  quantities 
and  for  the  second  stage  (recombination  and  dissociation  cur¬ 
rents).  According  to  definition,  we  have  for  the  equilibrium  state 

«5-5-i5. 

In  the  stationary  state  the  number  of  H  atoms  at  the  electrode 
surface  remains  constant;  under  this  condition  the  density  of  the  ex¬ 
ternal  current  is  equal  to  the  difference  of  the  current  densities  of 
the  cathodic  and  anodic  reactions  for  the  first  and  the  second  stage: 

—  i,  —  /» —  I.,  (156) 

counting  the  cathodic  direction  of  the  current  in  the  external  circuit 
as  positive  (see  remark  on  page  225). 

The  kinetic  regularities  of  the  reactions  are  determined  by  the 
correlation  of  the  quantities  i ,  and  i Assuming,  for  example,  that 
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the  exchange  current  of  the  second  stage  slightly  exceeds  the  exchange 
current  of  the  first  and  that  the  density  of  the  external  current  has 
an  intermediate  value  (i°^  <  i  <  i^) .  Because  the  density  of  the  exter¬ 
nal  current  is  small  compared  with  the  eauilibrium  of  the  second 
stage  is  not  greatly  disturbed;  the  currents  and  t2  are  almost  com¬ 
pensated  as  previously.  In  contrast  to  this,  for  the  second  stage  i ^ 

0  -f 

becomes  considerably  greater  than  and  decreases  which  causes  a 
marked  disturbance  of  the  eauilibrium.  If  the  difference  between  the 
exchange  rates  of  the  first  and  second  stage  differs  sufficiently,  the 
quantity  can  be  neglected  over  the  above-mentioned  wide  current  den¬ 
sity  range  compared  with  i.e.,  the  rate  of  the  over-all  process  is 
determined  by  ,  and  the  first  stage  becomes  irreversible,  while  the 
second  stage  can  be  regarded  as  an  equilibrium  state  as  previously. 
Conversely,  if  is  by  far  less  than  and  i  has  an  intermediate 
value,  the  rate  of  the  over-all  reaction  is  determined  by  the  Quantity 
?2  and  the  second  stage  becomes  irreversible,  while  conditions  close  to 
equilibrium  are  maintained  for  the  first  stage.  In  general  it  can  be 
said  that  the  rate  of  the  over-all  reaction  is  determined  by  the  kinet¬ 
ic  laws  of  that  of  its  intermediate  stages,  which  has  the  smallest  ex¬ 
change  current  and  to  which  we  shall  refer  in  the  following  by  the  con- 
ventional  term  "slowest  stage  of  the  reaction."*  If  the  difference  be¬ 
tween  the  exchange  currents  is  sufficiently  great  the  other  stages  (the 
fast  stages)  can  be  regarded  as  equilibrium  stages  as  previously. 

The  appearance  of  an  overvoltage  during  the  cathodic  separation  of 
hydrogen  is  a  sign  of  disturbance  of  the  equilibrium  and  may  be  con¬ 
nected  with  a  slowing  down  of  one  of  the  stages  of  the  process.  The 
theories  which  connect  the  causes  of  overvoltage  with  a  slowing  down  of 
the  second,  the  chemical  stage,  were  historically  the  first  to  be  de¬ 
veloped.  These  ideas  have  been  preserved  in  some  form  or  other  to  this 
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day  and  explain  part  of  the  experimental  data  satisfactorily. 

The  assumption  that  the  kinetic  delay  of  the  first,  the  electro¬ 
chemical  stage,  is  the  cause  of  the  polarization  of  the  electrode  has 
been  little  used  for  a  long  time.  In  recent  years,  owing  to  the  work  of 
Soviet  electrochemists,  these  ideas  have  been  reconsidered  to  a  consid¬ 
erable  degree  and  perfected  and  have  been  given  a  firm  experimental 
basis . 

These  groups  of  theories  we  shall  consider  in  their  historical  se¬ 
quence,  i.e.,  first  the  theories  involving  the  concept  of  the  slowing 
down  of  the  process  of  removal  of  adsorbed  atomic  hydrogen,  and  then 
the  theories,  involving  the  concept  of  the  slowing  down  of  the  dis¬ 
charge  process. 

§7.  RECOMBINATION  THEORIES  OF  HYDROGEN  OVERVOLTAGE 

The  theories  in  which  the  appearance  of  overvoltage  is  connected 
with  an  accumulation  of  a  quantity  of  adsorbed  atomic  hydrogen  in  ex¬ 
cess  of  the  equilibrium  at  the  electrode  surface,  taking  place  in  con¬ 
sequence  of  a  slowing  down  of  its  removal,  we  shall  term  desorption 
theories.  If  it  Is  also  assumed  in  these  theories,  as  has  been  ex¬ 
plained  in  the  foregoing,  that  the  process  of  removal  takes  place  via 
a  combination  of  hydrogen  atoms  to  molecules,  we  shall  term  these  the¬ 
ories  recombination  theories  (sometimes  one  speaks  also  of  a  "catalytic 
removal  mechanism"). 

During  the  cathodic  separation  of  hydrogen  a  certain  stationary 
concentration  of  adsorbed  atoms  is  established  at  the  electrode  sur¬ 
face,  depending  on  the  ratios  of  the  rates  of  their  formation  and  re¬ 
moval  from  the  surface.  According  to  the  basic  assumption  of  the  de¬ 
sorption  theories,  the  discharge  of  the  hydrogen  ions  and  the  ioniza¬ 
tion  of  the  adsorbed  atoms  takes  place  freely  and  at  a  fair  rate;  at 


any  values  of  the  density  of  the  external  polarizing  current  one  can 
assume  with  sufficient  £‘'.'proximation  that  the  equilibrium  between  the 
ions  and  adsorbed  atoms  is  not  disturbed.  Hence,  the  discharge  stage 
should  not  affect  the  over-all  kinetics  of  the  reaction. 

The  further  transformation  of  the  hydrogen  atoms  into  molecules 
then  no  longer  takes  place  freely  but  at  a  certain  limited  rate,  de¬ 
pending  on  the  surface  concentration  of  the  adsorbed  hydrogen.  During 
the  passage  of  current  the  surface  hydrogen  concentration  assumes  a 
value  at  which  the  rate  of  removal  of  the  atoms  becomes  equal  to  the 
rate  of  their  formation,  i.e.,  corresponds  to  the  density  of  the  polar¬ 
izing  current.  The  higher  the  density  of  the  cathode  current,  the 
greater  is  the  stationary  surface  concentration  of  the  hydrogen  atoms. 

The  accumulation  of  the  adsorbed  hydrogen  in  quantities,  exceeding 
the  equilibrium  concentration,  shifts  the  electrode  potential  to  the 
negative  side.  This  pattern  is  somewhat  reminiscent  of  the  phenomenon 
of  concentration  polarization,  where  the  passage  of  current  also  alters 
the  stationary  concentration  of  the  potential-determining  substance 
near  the  electrode  surface  and  in  consequence  of  which  the  electrode 
potential  is  shifted.  There  is  a  principal  difference,  however,  between 
these  two  phenomena.  In  the  case  under  consideration  here  we  are  deal¬ 
ing  with  the  surface  concentration  of  hydrogen  atoms  which  are  directly 
at  the  electrode,  this  concentration  varying  not  in  consequence  of  a 
slowing  down  of  the  removal  of  the  reacting  substance  from  the  elec¬ 
trode  surface  via  diffusion  or  migration  but  in  consequence  of  a  slow¬ 
ing  down  of  one  of  the  stages  of  the  electrochemical  reaction  itself. 
Hence  the  use  of  the  term  "concentration  polarization"  is  not  expedient 
in  this  case. 

The  presence  of  an  excess  of  adsorbed  hydrogen  on  tne  surfaces  of 
certain  electrodes  during  their  cathodic  polarization  can  be  demon- 
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strated  by  a  direct  experimental  method.  For  this  purpose  we  can  use, 
for  example,  the  well-known  property  of  certain  metals  (for  example,  of 

o 

Iron,  palladium,  etc.)  to  not  only  adsorb,  but  also  to  dissolve  atomic 
hydrogen  in  the  volume  of  the  metal. 

During  cathodic  polarization  of  iron  in  an  acid  solution  the  con¬ 
centration  of  dissolved  hydrogen  which  penetrates  into  the  depth  of  the 
metal,  attains  values  which  exceed  many  times  the  concentration  corre¬ 
sponding  to  the  solubility  of  gaseous  hydrogen  at  atmospheric  pressure. 
This  follows,  in  particular,  from  the  fact  that  in  the  presence  of  in¬ 
clusions  in  the  metal  which  catalyze  the  recombination  of  hydrogen  at¬ 
oms  to  molecules,  the  pressure  of  the  hydrogen  given  off  from  the  metal 
can  attain  hundreds  of  atmospheres,  causing  a  mechanical  disintegration 
of  the  metal.  This  phenomenon  indicates  that  in  consequence  of  the  in¬ 
crease  in  the  concentration  of  adsorbed  hydrogen  at  the  metal  surface 
its  atoms  begin  to  diffuse  into  the  metal  lattice  or  along  the  grain 
boundaries . * 

If  palladium  foil  is  immersed  in  an  electrolyte  solution  and  po¬ 
larized  on  one  side.  Its  potential  on  the  other,  the  so-called  diffu¬ 
sion  side  begins  to  shift  to  the  negative  side  (see  device  In  Fig.  82) 
[15,  58].  This  "overvoltage  transfer"  through  the  metal  also  points  to 
an  excess  hydrogen  concentration  with  respect  to  the  equilibrium  with 
the  gaseous  hydrogen,  diffusing  from  the  polarized  side  to  the  diffu¬ 
sion  side.  In  the  case  of  palladium  this  effect  is  quantitatively  not 
large  and  is  evidently  mainly  due,  net  to  a  slowing  down  cf  the  recom¬ 
bination  of  adsorbed  atomic  hydrogen  but  to  a  slowing  down  of  the  re¬ 
moval  of  molecular  hydrogen  from  the  solution  [15].  In  the  case  of 
such  an  "overvoltage  transfer"  through  iron,  however,  considerable  po¬ 
tential  shifts  can  be  observed  under  certain  conditions,  which  could 
not  be  explained  without  the  assumption  of  a  variation  of  the  composi- 


tion  of  the  adsorbed  hydrogen  layer  on  the  polarization  side  of  the 
electrode  [31]. 


Fig.  82.  Device  for  the  study  of  the  polarization  of  a  palladium  elec¬ 
trode  and  the  penetration  of  hydrogen  into  the  palladium:  D)  Palladium 
electrode  (cathode);  A)  anode;  B)  auxiliary  hydrogen  electrode  for  the 
measurement  of  the  potential  of  the  electrode  D.  A'  and  B'  can  also 
serve  as  anode  and  auxiliary  electrode. 

An  increase  in  the  concentration  of  adsorbed  hydrogen  on  the  elec¬ 
trode  surface  can  also  be  observed  Indirectly  by  means  of  measurement 
of  the  rate  of  change  of  the  electrode  potential  after  the  switching 
off  of  the  polarizing  current  (overvoltage  decay  curve).  If  the  over¬ 
voltage  Is  due  to  the  accumulation  of  adsorbed  atomic  hydrogen,  then 
after  the  switching  off  of  the  current  the  stationary  surface  concen¬ 
tration  of  the  hydrogen  should  decrease  and  the  excess  atoms  should  be 
removed  from  the  surface.  This  process  is  not  instantaneous  and  the  po¬ 
tential  shifts  relatively  slowly.  On  the  other  hand,  if  the  overvoltage 
is  caused  by  some  other  factor,  and  the  concentration  of  the  adsorbed 
hydrogen  has  the  equilibrium  value,  then  after  the  switching  off  of  the 
current  only  a  change  in  the  number  of  charges  in  the  electrical  double 
layer  at  the  electrode  surface  can  take  place.  This  process  is  much 
more  rapid  because  the  number  of  charges  in  the  double  layer  is  small 
compared  with  the  possible  number  of  adsorbed  atoms.  Thus,  on  the  basis 
of  the  rate  of  decay  of  the  overvoltage  following  the  switching  off  of 
the  polarizing  current  one  can  infer  the  presence  of  excess  adsorbed 


hydrogen  on  the  electrode  surface.  Measurements  of  this  type  Indicated 

the  presence  of  excess  adsorbed  hydrogen,  for  Instance,  on  the  nickel 

electrode;  according  to  the  data  of  P.D.  Lukovtsev  and  S.D.  Levina  [32] 

the  quantity  of  adsorbed  atomic  hydrogen  on  this  electrode  at  an  over- 

IB 

voltage  of  0.3  v  lr  0.5  N  NaOH  solution  Is  approximately  10  atoms  per 
2 

1  cm  of  surface.  As  N.A.  Fedotov  [33]  showed,  adsorbed  hydrogen  cannot 
be  detected  by  this  method  on  the  mercury  electrode,  which  is  in  agree¬ 
ment  with  the  data  of  other  electrochemical  measurements  (see  Introduc¬ 
tion,  §8).* 

The  stationary  surface  concentration  of  atomic  hydrogen  depends  on 
the  rate  of  removal  of  the  hydrogen  atcms  formed  during  the  discharge 
from  the  electrode  surface  which  can  be  removed  from  the  surface  by 
different  methods,  for  example,  by  recombination  with  formation  of  mo¬ 
lecular  hydrogen,  by  interaction  with  hydrogen  ions,  direct  desorption 
from  the  surface,  etc.  In  this  section  we  shall  consider  the  first  of 
the  above  enumerated  mechanisms  of  the  removal  of  adsorbed  hydrogen. 

Before  examining  the  laws  whic  connect  the  overvoltage  of  the 
electrode  with  the  kinetics  of  the  chemical  process  of  the  recombina¬ 
tion  of  the  hydrogen  atoms,  we  must  recall  certain  thermodynamic  and 
kinetic  properties  of  atomic  hydrogen.  The  normal  electrode  potential 
<pj!  of  the  atomic  hydrogen  electrode,  i.e.,  an  electrode  in  equilibrium 
with  gaseous  hydrogen  atoms  at  atmospheric  pressure,  as  was  mentioned 
in  §8  of  the  Introduction,  is  2.096  v. 

Thus  the  potential  of  the  atomic  hydrogen  electrode  at  a  pressure 
of  the  atomic  hydrogen  of  pH  is  expressed  by  the  eouation 

*=-2,096  +  £ln=£.  (157) 

The  expression  for  the  potential  of  the  hydrogen  electrode  can  be 
transformed  in  such  a  manner  that  the  concentration  of  the  adsorbed  hy- 
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drogen  and  not  the  pressure  of  gaseous  molecular  or  atomic  hydrogen 
figures  In  It  (Formula  13^  or  157).  At  low  adsorption  the  activity  of 
the  adsorbed  hydrogen  can  be  considered  to  be  proportional  to  Its  sur¬ 
face  concentration  and  this  expression  assumes  the  form 

Rr-  ,_0n* 
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(158) 


Despite  the  great  thermodynamic  instability  of  atomic  hydrogen, 
the  process  of  recombination  of  the  atoms  to  molecules  does  not  take 
place  instantly  (i.e.,  not  at  every  collision  of  two  atoms)  but  at  a 
certain  measurable,  moderate  rate.  This  is  due  to  the  fact  that  the 
large  quantity  of  energy  liberated  during  the  interaction  of  two  atoms 
is  concentrated  in  the  molecule  thus  formed  which  is  thus  fairly  unsta¬ 
ble  and  again  decomposes  into  free  atoms. 

This  difficulty  is  partly  overcome  on  metal  surfaces  because  the 
excess  energy  of  the  reaction  of  the  atoms  is  drained  off  by  the  metal 
surface  and  dissipated.  Nonetheless,  experiments  with  free  hydrogen 
atoms  have  shown  that  the  reaction  of  recombination  of  the  atoms  takes 
place  even  on  metal  surfaces  at  a  finite  rate  and  that  different  metals 
have  different  catalytic  activity  with  regard  to  this  reaction.  The 
rate  of  recombination  of  the  atoms  on  the  surface  of  different  metals 
can  be  determined  experimentally  if  a  flow  of  atomic  hydrogen  (ob¬ 
tained,  for  example,  in  an  electric  discharge)  is  directed  past  a  me¬ 
tallic  wire:  the  greater  the  rate  of  recombination  of  the  atoms  at  the 
metal  surface,  the  more  is  the  wire  heated  [3^].  Such  experiments  have 
shown  that  the  recombination  takes  place  relatively  rapidly  on  the  sur¬ 
face  of  platinum  and  nickel,  i.e.,  these  metals  are  good  catalysts  for 
the  recombination  reaction;  on  a  wire  of  lead  or  tin  this  reaction  pro¬ 
ceeds  considerably  more  slowly. 

In  the  recombination  theories  of  the  hydrogen  overvoltage  the 
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overvoltage  Is  connected  with  the  kinetics  of  the  recombination  process 
of  the  atoms  at  the  electrode  surface.  It  is  not  difficult  to  derive 
the  basic  laws  of  the  reaction  of  hydrogen  separation  if  certain  as¬ 
sumptions  are  made  concerning  the  properties  of  the  atomic  hydrogen  ad¬ 
sorbed  on  the  electrode  surface.  Let  us  designate  the  surface  concen¬ 
tration  of  the  hydrogen  atoms  at  equilibrium  potential,  when  no  current 
passes  through  the  electrode  and  when  it  is  in  equilibrium  with  molec¬ 
ular  hydrogen  at  atmospheric  pressure  by  [H]°.  When  current  passes  and 

8 

the  cathodic  reaction  takes  place,  the  stationary  surface  concentration 
of  the  atoms  [hV  will  be  greater  than  the  equilibrium  concentration 
[H]^;  during  the  anodic  reaction  it  will  be  less. 

According  to  the  basic  assumption  of  the  recombination  theories 
the  overvoltage  on  a  certain  electrode  depends  only  on  the  variation  of 
the  surface  concentration  of  the  atomic  hydrogen  during  the  passage  of 
current.  The  equilibrium  between  the  solution  and  the  adsorbed  atoms  ?s 
not  markedly  affected  so  that  the  potential  shift  of  the  electrode  can 
be  calculated  by  means  of  thermodynamic  formulas. 

If  the  assumption  is  made  that  the  degree  of  filling  of  the  elec¬ 
trode  surface  is  low  so  that  the  activity  of  the  adsorbed  gas  is  pro¬ 
portional  to  its  concentration,  the  electrode  potential  can  be  ex¬ 
pressed  by  Eq.  (158).  The  overvoltage  in  this  case  is 

%  — (159) 

In  order  to  obtain  an  expression  which  would  connect  the  overvolt¬ 
age  with  the  current  density  and  which  could  be  verified  experimental¬ 
ly,  it  is  essential  to  establish  a  relationship  between  the  surface 
concentration  of  the  atomic  hydrogen  and  the  reaction  rate  of  the  re¬ 
combination  of  the  atoms  to  molecules.  If  we  ascribe  to  the  adsorbed 
atoms  the  properties  of  two-dimensional  ideal  solutions.  It  is  natural 
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to  assume  that  the  recombination  reaction  takes  place  in  accordance 
with  the  normal  law  of  bimolecular  reactions,  i.e.,  that  the  reaction 
rate  is  proportional  to  the  square  of  the  surface  concentration 

r~M[H]*,\  (160) 

The  rate  of  the  reverse  reaction  of  dissociation  of  the  molecules 
is  proportional  to  the  surface  concentration  of  the  molecular  hydrogen; 
because  the  adsorption  of  molecular  hydrogen  is  assumed  to  be  slight, 
its  surface  concentration  is  proportional  to  the  volume  concentration 
and,  consequently, 

r=MH;i.  (i6D 

We  arrive  at  the  same  Eq.  (161)  if  we  make  the  more  plausible  as¬ 
sumption  that  adsorption  of  diatomic  molecules  from  the  gas  phase 
is  directly  followed  by  their  dissociation.  The  quantity  i  under  these 
assumptions,  according  to  Eq.  (161)  is  independent  of  the  electrode  po¬ 
tential. 

In  the  equilibrium  state  the  rates  of  the  forward  and  back  reac¬ 
tion  are  equal,  i.e.,  the  same  number  of  molecules  is  formed  in  unit 
time  as  disappear  in  consequence  of  dissociation.  Thus,  in  presence  of 
the  equilibrium 

MlHlS'-MH,]-**.  (162) 

where  i°  expresses  the  exchange  current  at  equilibrium  potential. 

This  equilibrium  is  upset  when  the  electrode  is  polarized.  The  ex¬ 
ternal  current  (during  cathodic  polarization)  is  equal  to  the  differ¬ 
ence  between  the  quantities  %  and  t: 

<k  =  *.  (lHj»)*  -  A,  {H,J  =  A,  f[H ]!)*-/•.  ( 163 ) 

From  these  equations  one  can  find  the  cc inection  between  the  sur¬ 
face  concentration  of  the  atoms,  the  density  of  the  polarizing  current 
and  the  density  of  the  equilibrium  exchange  current 
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(16*0 


UH),)  -*7,  - - 7i - “  — • 

By  substituting  these  values  Into  Formula  (159)  we  obtain  an  equa¬ 
tion  which  connects  according  to  the  recombination  theory  in  its  sim- 
plest  form  the  hydrogen  overvoltage  with  the  current  density 


T  5? ,n  “  sr ln  ( 1  +  w)' 


(165) 


This  general  equation  can  be  applied  to  the  entire  range  of  cur¬ 
rent  densities.  At  high  densities,  when  i K  >>  i° ,  the  unit  ln  brackets 
can  be  neglected  and  Eq.  ( 165 )  is  transformed  into  the  simple  Tafel 


equation 


—  flic  +  ^r In /ki  rfle  a***  —  jjjrln  f*. 


(166) 


At  low  current  densities  one  can  approximately  assume 


,n(1+Tr) 


so  that  the  overvoltage  equation  assumes  the  form 

wgr'K 

K  IF  i •  • 


(167) 


The  ratio  of  nK  to  at  low  current  densities  we  have  previously 


designated  by  u.  It  follows  from  (167)  that 


wl9  =  ■ 


(167a) 


The  proportionality  between  the  overvoltage  and  current  density  at 
weak  electrode  polarization  immediately  follows  as  a  partial  case  of 
Eq.  (165)  because  ln  its  derivation  we  have  already  taken  into  account 
the  existence  of  the  reverse  reaction  of  dissociation  of  the  molecules 
in  addition  to  the  recombination  reaction. 


By  an  analogous  method  we  can  derive  an  expression  for  the  over¬ 
voltage  during  the  anodic  process  of  ionization  of  molecular  hydrogen 


at  the  electrode  surface 


,*-=~5rln0-£) 


(168) 
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It  follows  from  Eq.  (168)  that  the  anodic  polarization  current 
cannot  exceed  In  other  words,  according  to  this  theory,  a  limit 
current  should  exist  during  anodic  polarization,  independently  of  the 
concentration  polarization,  which  is  determined  by  the  rate  of  dissoci¬ 
ation  of  molecular  hydrogen  at  the  metal  surface. 

The  above-described  simplest  version  of  the  recombination  theory 
explained  for  the  first  time  the  logarithmic  relationship  between  over¬ 
voltage  and  current  density  over  a  wide  range  of  current  densities. 

The  circumstance  that  a  parallelism  exists  between  the  electro¬ 
chemical  and  catalytic  activity  of  metals  with  regard  to  hydrogen  has 
also  been  considered  for  a  long  time  as  a  weighty  argument  in  favor  of 
the  correctness  of  the  recombination  theories.  Indeed,  if  the  metals 
are  arranged  in  a  series  with  increasing  hydrogen  overvoltage,  this  se¬ 
ries  coincides  in  many  cases  with  the  arrangement  of  the  metals  in  the 
order  of  decreasing  catalytic  activity  in  the  recombination  of  hydrogen 
atoms . 

Increasing  catalytic  activity 


4  i 

5  r 


Pt,  Pd,  W,  Ni,  Fe,  Ag,  Cu,  Zn,  Sn,  Pb 


Increasing  overvoltage 

This  means  that  the  separation  of  hydrogen  involves  more  delay  and 
higher  overvoltage  if  the  given  metal  is  a  poor  catalyst  for  the  recom¬ 
bination  reaction  of  the  hydrogen  atoms. 

One  can  also  attempt  to  connect  the  overvoltage  on  different  met¬ 
als  with  their  adsorption  capacity  for  atomic  hydrogen,  which  is  char¬ 
acterized  by  the  work  V  or  the  heat  of  adsorption  qQ(^8> 

The  variation  of  the  adsorption  energy  when  going  over  from  one 
metal  to  another  causes  a  variation  of  the  equilibrium  surface  concen- 
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tration  [H]^  of  atomic  hydrogen.  Assuming  that  the  adsorption  is  small 

o 

and  the  activity  of  the  adsorbed  atomic  hydrogen  is  proportional  to  its 
concentration,  we  can  write 

^IW  ^llt 

(H]J  -  kplft  e «  const  •  e  l,r,  ( 169 ) 

where  is  the  pressure  of  the  molecular  hydrogen;  k  is  a  constant* 
the  increase  in  adsorption  energy  thus  greatly  increases  the  surface 
concentration  of  the  atomic  hydrogen.  By  substituting  into  Eq.  (159) 
the  expression  for  [H]^  from  Eq.  (169),  we  obtain 

o 

ij  <=  const  —  4.  £T  in  (HjJ .  (170) 

Equation  (170)  has  been  obtained  by  N.I.  Kobozev  and  N.I.  Nekrasov 
who  were  the  first  to  formulate  the  important  inference  concerning  the 
connection  between  overvoltage  and  adsorption  energy  [35].  In  order  to 
obtain  by  means  of  Eq.  (170)  a  quantitative  relation  between  n  and 


Wad8*  we  must  make  certain  assumptions  concerning  the  mechanism  of  re¬ 
moval  of  the  adsorbed  hydrogen  and  the  dependence  of  the  rate  of  this 
process  on  the  quantity  "ids  (in  Eq.  (170)  [H]jj  also  depends  on  so 

that  this  equation  in  this  form  does  not  yet  permit  the  determination 


of  the  relationship  between  n  and  v a(^8 )  •  Remaining  within  the  framework 
of  the  recombination  theory,  this  problem  can  be  solved  if  a  connection 


is  established  between  the  rate  constant  k ^  of  the  recombination  reac¬ 
tion  and  the  quantity 

It  can  be  assumed  that  with  Increase  in  the  bond  strength  with  the 
metal  the  reactivity  of  the  adsorbed  hydrogen  decreases.  N.I.  Kobozev 


and  N.I.  Nekrasov  assumed  that  with  increase  in  W the  constant  kj 


varies  in  accordance  with  the  law 


”  MC 

k,  *»■ k*  •  e  , 


(171) 


where  n  >  1.  At  fairly  high  cathodic  polarization  it  follows  from  Eq. 


(163)  that 
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from  which  follows  that  the  overvoltage  decreases  approximately  linear¬ 
ly  with  increase  in  the  adsorption  energy  at  constant  i K. 

Little  information  is  available  at  present  on  the  adsorption  ener¬ 
gy  of  atomic  hydrogen  on  different  metals*;  nonetheless,  it  may  be  in¬ 
ferred  on  the  basis  of  the  known  data  that  the  overvoltage  really  de¬ 
creases  with  increase  in  the  adsorption  energy  of  the  atomic  hydrogen. 
This  conclusion  could  also  be  regarded  as  confirmation  of  the  correct¬ 
ness  of  the  recombination  theories. 

Further  study  of  the  kinetics  of  the  process  of  cathodic  separa¬ 
tion  of  hydrogen  showed,  however,  that  at  least  in  the  above-given  ele¬ 
mentary  form  the  recombination  theory  of  the  hydrogen  overvoltage  can¬ 
not  be  applied  to  most  metals.  This  theory  suffers  from  two  important 
defects . 

The  first  great  deficiency  of  the  recombination  theory  consists  in 
the  discrepancy  between  theory  and  experiment  with  regard  to  the  magni¬ 
tude  of  the  factor  b.  Although  the  recombination  theory  gives  the  cor¬ 
rect  linear  relationship  between  overvoltage  and  logarithm  of  current 
density  (at  tK  >  t°)  it  nevertheless  gives  an  incorrect  value  of  the 
coefficient  fc,  equal  to  RT/2F  (or  29  mv  when  the  logarithm  of  i  is  ex¬ 
pressed  in  decadic  logarithms).  As  has  been  explained  in  the  foregoing, 
the  magnitude  of  the  coefficient,  determined  experimentally,  for  most 
metals  is  2RT/F  (or  116  mv),  i.e.,  approximately  4  times  greater  than 
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the  quantity,  following  from  the  recombination  theory. 

The  second  deficiency  of  the  recombination  theory  becomes  evident 
if  we  examine  the  dependence  of  the  overvoltage  on  the  composition  of 
the  solution.  In  the  recombination  theory  the  overvoltage  depends  only 
on  the  exchange  current  between  the  atomic  and  molecular  hydrogen; 
neither  the  pH  of  the  solution  nor  the  presence  of  other  electrolytes 
in  the  solution  has  a  direct  effect  on  this  quantity.  It  follows  from 
this,  if  we  do  not  introduce  additional  assumptions,  that  the  overvolt¬ 
age  should  be  independent  of  the  composition  of  the  solution.  However, 
the  experiment  in  most  cases  indicates  the  existence  of  a  strong  de¬ 
pendence  of  the  overvoltage  on  the  nature  of  the  solution. 

Finally,  the  existence  of  an  anodic  limit  current  determined  by 
rate  of  adsorption  and  dissociation  of  the  hydrogen  molecules  at  the 
surface  (and  not  by  the  concentration  polarization  with  regard  to  mo¬ 
lecular  hydrogen)  has  not  received  experimental  confirmation  to  date 
either,  at  least  in  the  case  of  metals  with  a  clean  surface  which  is 
not  covered  by  foreign  adsorption  layers.* 

Hence  a  number  of  attempts  were  made  to  modify  and  improve  further 
the  recombination  theory. 

During  the  derivation  of  the  formulae  of  the  simplest  recombina¬ 
tion  theory  we  assumed: 

a)  that  the  electrode  potential  is  determined  by  the  surface  con¬ 
centration  of  atomic  hydrogen  according  to  Eq.  (158),  and 

b)  that  the  rate  of  the  chemical  recombination  reaction  of  the 
atomic  hydrogen  is  proportional  to  the  square  of  its  surface  concentra¬ 
tion  (Formula  (160)). 

Both  these  assumptions  are  only  crude  approximations  correct  only 
when  the  electrode  surface  is  very  partially  filled  with  adsorbed  hy¬ 
drogen  atoms.  The  first  assumption  is  equivalent  to  the  assertion  that 
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the  adsorbed  quantity  of  substance  is  proportional  to  its  pressure  or 
concentration  in  the  volume  phase.  This  proportionality  occurs  in  the 
initial  part  of  the  adsorption  isotherm  (the  so-called  Henry  region). 
With  increasing  filling  of  the  surface  this  proportionality  is  upset: 
the  relation  between  these  two  quantities  is  determined  in  every  indi¬ 
vidual  case  by  the  equation  of  the  adsorption  isotherm. 

The  second  assumption  also  becomes  invalid  if  the  filling  of  the 
surface  is  not  too  small  because  when  the  system  deviates  from  the 
ideal  state  one  cannot  equate  the  kinetic  activity  of  its  components 
(i.e.,  the  effective  concentration,  figuring  in  the  kinetic  equations) 
with  the  surface  concentration,  nor  with  the  thermodynamic  activity  of 
these  components. 

In  reality  the  separation  of  hydrogen  in  some  case  takes  place  at 
the  electrode  surface,  on  which  a  considerable  quantity  of  atomic  hy¬ 
drogen  has  already  been  adsorbed  (see  Introduction).  In  these  cases  the 
assumptions  made  beforehand  are  not  obviously  justified,  and  the  corre¬ 
sponding  corrections  must  be  introduced  into  the  previous  calculations. 

If  there  is  moderate  filling  of  the  surface,  different  factors  be¬ 
gin  to  affect  the  shape  of  the  adsorption  isotherm.  One  of  these  is 
connected  with  the  filling  of  the  surface  and  with  the  variation  of  the 
ratio  between  the  free  and  occupied  sites  on  the  electrode  surface.  The 
calculation  of  the  filling  leads  to  the  well-known  eauation  of  the 
Langmuir  adsorption  isotherm 

U73) 

(Z  is  the  total  number  of  sites  on  the  electrode  surface,  id  is  the  ad¬ 
sorption  constant,  is  tne  partial  pressure  of  the  atomic  hydrogen). 

In  some  cases,  however,  the  shape  of  the  adsorption  isotherm  in 
the  range  of  medium  filling  deviates  from  Eq.  (173).  This  deviation  may 
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be  connected  either  with  the  inhomogeneity  of  the  surface  (i.e.,  with 
different  values  of  w  at  different  points  of  the  surface)  or  with  the 
appearance  of  interaction  forces  between  the  adsorbed  particles. 

Hence,  when  taking  account  of  the  effect  of  filling  on  the  kinet¬ 
ics  of  the  electrochemical  reaction,  two  cases  must  be  distinguished: 

a)  the  case  in  which  only  the  variation  of  the  number  of  free 
sites  on  the  surface  has  an  effect  and  when  the  kinetic  laws  are  al¬ 
tered  only  if  the  surface  is  filled  to  a  high  degree  (this  case  will  be 
considered  in  § 8 ) ; 

b)  the  case  in  which  the  inhomogeneity  of  the  surface  or  the  in¬ 
teraction  forces  have  an  effect  and,  consequently,  the  kinetic  laws  are 
altered  even  at  medium  and  even  relatively  slight  filling  of  the  elec¬ 
trode  surface. 

It  has  been  shown  in  the  Introduction  that  the  equation  of  the  ad¬ 
sorption  isotherm  of  hydrogen  for  several  noble  metals  has  approximate¬ 
ly  a  logarithmic  form 

A-a'  +  b'\npiU.  (17*0 

On  the  basis  of  an  examination  of  the  kinetics  of  chemical  reac¬ 
tions  taking  place  on  an  inhomogeneous  surface,  M.I.  Temkin  [36]  showed 
that  on  a  surface  with  logarithmic  adsorption  isotherm  the  recombina¬ 
tion  theory  with  plausible  assumptions  leads  to  the  equation 

+  w  0 O <  1.  (175) 

and  at  high  current  densities,  respectively,  to 

In /ic*  (175a) 

Eauation  (175)  differs  from  Eq.  (165)  which  has  been  derived  with¬ 
out  taking  into  account  the  surface  inhomogeneity,  by  the  constant  B  in 
the  denominator  of  the  coefficient  in  front  of  the  logarithm.  Because 
B  <  1,  taking  the  surface  inhomogeneity  into  account,  results  in  an  in- 
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crease  in  the  coefficient  in  front  of  the  logarithm  of  the  current 
density  in  the  Tafel  equation.  If  it  is  assumed  that  8  *  1/4,  the  coef¬ 
ficient  of  the  slope  of  the  polarization  curves  assumes  the  value  b  - 
’  2 FT/F,  which  agrees  with  the  experimental  data. 

The  physical  meaning  of  this  correction  consists  in  the  following. 
When  the  pressure  of  the  adsorbed  gas  increases,  the  increase  in  the 
filling  of  the  heterogeneous  surface  takes  place  in  accordance  with  a 
very  slow  logarithmic  law  in  consequence  of  the  fact  that  in  proportion 
to  the  pressure  increase  the  adsorption  extends  to  sites  with  ever  de¬ 
creasing  adsorption  energy  and  becomes  energetically  less  advantageous. 
In  an  analogous  manner,  compared  with  a  homogeneous  surface,  the  growth 
of  the  filling  of  an  inhomogeneous  surface  with  increase  in  the  over¬ 
voltage  also  slows  down.  Although  this  effect  is  partially  compensated 
by  the  in-reased  reactivity  of  the  atoms  adsorbed  at  the  sites  with 
lower  adsorption  energy,  on  the  whole  the  increase  in  the  recombination 
rate  with  increase  in  the  overvoltage  owing  to  the  inhomogeneity  of  the 
surface  slows  down  which  finds  its  mathematical  expression  in  the  ap¬ 
pearance  of  the  quantity  8  in  the  denominator  of  the  right  part  of  Eq. 
(175). 

Thus  it  is  evident  that  under  certain  assumptions  the  above-men¬ 
tioned  deficiency  of  the  simplest  recombination  theory,  consisting  in  a 
too  narrow  value  of  the  coefficient  bt  can  be  eliminated. 

Analogous  results  can  be  obtained  by  taking  into  account  the  re¬ 
pulsion  forces  between  the  adsorbed  particles  because  the  presence  of 
repulsion  forces  causes  the  same  lowering  of  the  adsorption  energy  in 
proportion  to  the  degree  of  filling  of  the  surface,  as  the  transition 
to  sites  with  smaller  bond  energy  between  the  hydrogen  atoms  and  the 
metal  surface.  N.I.  Kobozev  and  co-workers  [38,  60]  have  pointed  out 
the  lowering  of  the  bond  energy  of  the  adsorbed  hydrogen  atoms  during 
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cathodic  polarization  owing  to  the  existence  of  repulsion  forces.  Cal¬ 
culations  of  the  recombination  rate  taking  into  account  the  repulsion 
forces  were  carried  out  by  Horiuti  and  others  [37]. 

We  would  like  to  point  out  that  although  taking  into  account  the 
surface  inhomogeneity  or  the  repulsion  interaction  leads  to  an  altera¬ 
tion  of  b  in  the  Tafel  equation,  the  value  of  the  coefficient  in  the 
relations  between  the  overvoltage  at  low  current  densities  and  the  ex- 
change  current  (Eqs.  167  and  167a),  as  a  more  profound  mathematical 
analysis  shows,  is  not  affected  by  these  corrections. 

The  above-given  more  precise  description  of  the  physical  pattern 
of  the  recombination  process  is  not  applicable  to  the  mercury  elec¬ 
trode.  By  virtue  of  its  liquid  state,  the  surface  of  the  latter  is  in¬ 
deed  completely  homogeneous.  Moreover,  in  this  case,  taking  into  ac¬ 
count  the  negligibly  low  concentration  of  adsorbed  hydrogen  atoms,  the 
interaction  forces  between  them  can  be  neglected.  Thus,  for  the  mercury 
electrode  it  is  not  possible  to  amend  the  incorrect  value  of  the  coef¬ 
ficient  bt  on  the  basis  of  the  recombination  theory. 

The  proposed  improvements  have  no  effect  either  on  the  second  er- 

I 

roneous  consequence  of  the  recombination  theory,  namely  the  indepen¬ 
dence  of  the  overvoltage  to  the  composition  of  the  solution.* 

§8.  OTHER  METHODS  OF  REMOVING  ADSORBED  ATOMIC  HYDROGEN 

In  the  preceding  sections  we  have  considered  only  one  of  the  pos¬ 
sible  ways  in  which  the  adsorbed  atomic  hydrogen  can  be  removed  from 
the  electrode  surface,  consisting  in  a  direct  recombination  of  two  at¬ 
oms  to  a  molecule. 

However,  a  theory,  based  on  the  assumption  of  the  existence  of 
this  single  removal  mechanism,  leads  to  consequences,  at  high  current 
densities,  which  are  in  contradiction  with  experiment.  Indeed  the  rate 
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of  the  recombination  reaction,  determined  on  the  basis  of  the  above- 
described  concepts  of  the  rate  of  the  entire  reaction  of  hydrogen  sep¬ 
aration,  increases  with  increase  in  the  surface  concentration  of  atomic 
hydrogen.  Thus  surface  concentration  cannot  increase  indefinitely  but 
attains  a  limit  value  corresponding  to  the  covering  of  the  entire  sur¬ 
face  by  a  monolayer  of  hydrogen  atoms.  For  this  reason  the  rate  of  the 
cathodic  separation  of  hydrogen  should  not  exceed  a  certain  limit  value 
which  is  typical  for  every  electrode.*  The  limit  current,  under  cer¬ 
tain  additional  assumptions,  can  also  be  calculated  from  the  recombina¬ 
tion  theory.  It  has  not  been  possible,  however,  to  detect  reliably  the 
existence  of  this  limit  current  due  to  the  saturation  of  the  surface  by 
adsorbed  hydrogen,  experimentally;  in  any  event,  it  is  not  observed  on 
the  mercury  electrode  [^,  1 6 ] .  The  use  of  the  concept  of  the  recombina¬ 
tion  mechanism  of  the  removel  of  the  adsorbed  hydrogen  also  encounters 
difficulties  when  the  hydrogen  concentration  at  the  electrode  surface 

o 

is  very  small  as  is  the  case  with  the  mercury  electrode  at  moderate 
overvoltage  values.  Under  these  conditions  the  recombination  rate, 
which  is  proportional  to  the  sauare  of  the  surface  concentration, 
should  also  be  small  and  the  constant  k.j  in  Eq .  (160)  should  be  as¬ 
cribed  unlikely  large  values  in  order  that  the  recombination  process 
could  achieve  the  removal  of  the  atomic  hydrogen,  formed  as  a  result  of 
the  discharge  of  the  hydrogen  ions,  from  the  electrode  surface. 

The  above-given  concepts  compel  us  to  consider,  in  addition  to  the 
recombination,  other  possible  mechanisms  of  the  removal  of  adsorbed  hy¬ 
drogen  from  the  electrode  surface.  Among  the  latter  most  attention  has 
been  given  to  the  so-called  electrochemical  mechanism.  In  the  electro¬ 
chemical  mechanism  the  hydrogen  atoms  are  not  transformed  into  mole¬ 
cules  by  a  process  of  combining  with  other  atoms  but  in  consequence  of 
a  reaction  with  a  hydrogen  ion;  in  other  words,  it  is  assumed  that  the 
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discharge  of  the  hydrogen  ions  is  possible  not  only  at  the  free  surface 
sites  but  also  at  the  sites  where  a  hydrogen  atom  is  already  present. 

In  these  cases,  in  accordance  with  the  scheme 

H*  +  <?  — *  H|  (B) 

the  discharge  of  hydrogen  ions  does  not  increase,  but  on  the  contrary, 
reduce  the  degree  of  filling  of  the  electrode  surface  with  hydrogen 
atoms.  This  mechanism  has  been  first  proposed  in  a  slightly  different 
form  by  Heyrovsky  [39].  Later  on  several  variants  of  scheme  B  were  con¬ 
sidered  for  example,  with  intermediate  formation  of  the  adsorbed  ion 
H^.  Although  direct  experimental  data  indicating  the  possibility  of  the 
reaction  B  are  lacking  to  date,  various  indirect  considerations  lead  to 
the  conclusion  that  such  a  mechanism  is  highly  probable. 

The  possibility  that  a  reaction  of  hydrogen  separation  takes  place 
simultaneously  in  accordance  with  different  schemes  was  indicated  and 
the  dependence  of  the  rate  relations  of  individual  parallel  stages  on 
the  absorption  properties  of  the  electrode  examined  for  the  first  time 
in  the  hydrogen  overvoltage  theory  of  Kobozev  and  L'ekrasov.  In  addition 
to  the  above-mentioned  two  mechanisms  of  hydrogen  removal  (recombina¬ 
tion  and  electrochemical  removal)  a  third  possible  mechanism  was  used 
in  this  theory,  consisting  in  a  direct  desorption  of  the  adsorbed  atoms 
from  the  electrode  surface  with  their  removal  into  the  depth  of  the  so¬ 
lution  outside  of  the  sphere  of  influence  of  the  surface  forces  (emis¬ 
sion  mechanism  of  desorption).* 

We  find  that  in  the  theories  of  Heyrovsky  and  Kobozev,  as  in  the 
earlier  described  theory,  the  assumption  concerning  the  equilibrium  be¬ 
tween  the  adsorbed  hydrogen  at  the  surface  and  the  hydrogen  ions  in  the 
solution  is  retained  and,  consequently,  the  potential  shift  of  the 
electrode  during  polarization  is  ascribed  only  to  the  change  in  the  ac¬ 
tivity  of  the  adsorbed  atomic  hydrogen.  It  will  be  shown  in  §12  that 
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the  polarization  in  the  electrochemical  mechanism  can  also  be  regarded 
from  a  different  point  of  view,  namely  on  the  basis  of  the  theory  of 
the  inhibited  discharge. 

The  accumulation  of  an  excess  of  adsorbed  hydrogen  at  the  elec¬ 
trode  surface  may  be  connected  not  with  a  slowing  down  of  the  combina¬ 
tion  of  atoms  to  molecules  but  with  a  slowing  down  of  the  process  of 
removal  of  the  molecular  hydrogen  thus  formed  from  the  electrode  sur¬ 
face.  With  this  hypothesis,  the  adsorbed  hydrogen  is  in  eauilibrium 
with  the  molecular  hydrogen  which  accumulates  in  the  solution  close  to 
the  electrode  surface  but  not  with  the  molecular  hydrogen  in  the  depth 
of  the  solution  or  in  the  gas  phase  above  the  solution.  Because  molec¬ 
ular  hydrogen  is  the  end  product  of  the  reaction,  it  is  removed  from 
the  reaction  zone  by  diffusion  or  convection  and  not  via  a  further 
chemical  reaction.  Hence  the  above-described  phenomenon  should  be  re¬ 
garded  as  a  concentration  polarization  with  accumulation  of  the  reac¬ 
tion  product,  the  molecular  hydrogen.  This  theory,  as  Is  easy  to  veri¬ 
fy,  also  leads  to  Eq.  (165),  with  the  only  difference  that  the  quantity 
t°  in  this  equation  now  represents  the  limit  diffusion  current  of  mo¬ 
lecular  hydrogen  which  would  result  if  the  concentration  at  the  elec¬ 
trode  surface  were  in  equilibrium  with  the  molecular  hydrogen  at  atmos¬ 
pheric  pressure,  and  in  the  volume  of  the  solution  would  be  zero.  In¬ 
deed,  in  the  case  of  concentration  polarization  with  respect  to  molecu¬ 
lar  hydrogen  the  potential  shift  is  expressed  by  the  relation 


In 


m»ii 

(H,U 


(176) 


o 


where  [H9]  .  is  the  concentration  of  the  dissolved  hydrogen  at  the  elec- 
trode  surface  during  the  passage  of  current,  and  [H2]q  is  the  same 
concentration  under  equilibrium  conditions.  Because  the  current  is  de- 
termined  by  the  rate  of  removal  of  hydrogen  from  the  electrode  surface, 
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/-AUH.li-lH,).}, 


(177) 


where  k  Is  a  constant.  If  we  produced  an  anodic  polarization  of  the 
electrode  and  If  the  concentration  of  the  dissolved  hydrogen  on  Its 
surface  dropped  to  zero,  the  limit  diffusion  current  would  be 
where 

(to*  "tills!*.  (177a) 

It  follows  from  Eqs.  (176,  177  and  177a)  that: 

(178) 

This  theory  gives  a  correct  explanation  for  the  polarization  phe¬ 
nomenon  observed  at  moderate  current  densities  with  very  active  elec¬ 
trodes  (for  example,  with  platinized  platinum)  on  which  all  stages  of 
the  electrochemical  process,  with  the  exception  of  the  diffusion  of  the 
hydrogen  molecules  in  the  solution,  proceed  fairly  rapidly  [41], 


59.  VALIDATION  OF  THE  THEORY  OF  DELAYED  DISCHARGE 

The  basis  of  the  theory  of  the  delayed  discharge  is  the  assumption 
that  the  discharge  of  the  hydrogen  ions  with  formation  of  adsorbed  at¬ 
oms  of  hydrogen  H+  +  e  -*•  Ha(js,  proceeds  at  a  certain  finite  rate,  de¬ 
pending  on  the  potential  difference  between  metal  and  solution.  Hence 
to  enable  a  current  of  given  density  to  pass  through  the  electrode,  the 
potential  must  be  shifted  a  certain  amount  from  the  equilibrium  value, 
which  also  determines  the  overvoltage. 

The  hypothesis  of  the  slowing  down  of  the  electrochemical  stage  of 
the  discharge  of  the  ions  (and  also  the  converse  stage  of  ionization  of 
the  adsorbed  atomic  hydrogen  during  the  anodic  reaction)  has  been  ad¬ 
vanced  repeatedly  but  has  not  received  experimental  confirmation  for  a 
long  time.  For  this  reason  the  concept  according  to  which  this  process 
takes  place  rapidly  and  without  delay  has  prevailed  in  electrochemistry 
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until  relatively  recently. 

In  the  early  Thirties,  Erdey-Ordz  and  M.  Volmer  [l<2]  and  other  au¬ 
thors  carried  out  several  investigations  with  the  aim  of  determining 
the  possibility  of  constructing  a  quantitative  theory  of  hydrogen  over¬ 
voltage  on  the  basis  of  the  concept  of  the  delay  of  the  ion  discharge. 
The  theory  of  the  delayed  discharge  saw  its  full  development  in  the 
work  of  the  Soviet  electrochemists. 

It  is  preferable  to  begin,  as  we  have  done  In  other  Instances,  the 
description  of  this  theory  with  its  experimental  validation  and  to  pose 
the  problem  whether  it  is  possible  to  show  by  a  direct  experimental 
method  that  the  processes  of  ion  discharge  or  ionization  of  the  hydro¬ 
gen  atom  proceed  at  a  finite,  measurable  rate. 

This  task  was  resolved  by  B.V.  Ershler,  P.I.  Dolin  and  A.N.  Frum- 
kln  [^3]  who  employed  the  method  of  measuring  the  polarization  capaci¬ 
tance  of  a  platinum  electrode  with  alternating  currents  of  different 
frequency.  As  pointed  out  already  In  the  Introduction,  the  capacitance 
of  the  platinum  electrode  in  the  potential  range  from  0.05  to  0.3  v 
(relative  to  the  potential  of  the  reversible  hydrogen  electrode  in  the 

p 

same  solution)  amounts  to  several  thousand  microfarad  per  1  cm  of  true 
electrode  surface  and  exceeds  by  far  the  normal  capacitance  of  the 
double  layer  (amounting  for  the  mercury  electrode,  for  example  to  18 
microfarad/cm  ).  This  large  capacitance  is  due  to  the  presence  of  ad¬ 
sorbed  hydrogen  at  the  electrode  surface:  when  the  potential  is  shift¬ 
ed,  most  of  the  polarizing  current  is  consumed  for  the  variation  of  the 
quantity  of  adsorbed  hydrogen  via  discharge  of  ions  or,  conversely,  via 
ionization  of  the  adsorbed  atoms.  The  separation  of  free  molecular  hy¬ 
drogen  at  such  positive  potentials  is  practically  impossible  and,  be¬ 
cause  these  measurements  are  carried  out  in  a  nitrogen  atmosphere,  the 
reverse  reaction  of  ionization  of  molecular  hydrogen  is  excluded.  Thus, 
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the  entire  process  consists  in  a  transfer  of  ions  to  the  adsorbed  atoms 
and  vice  versa. 

Experiments  in  which  the  capacitance  was  measured  with  high-fre¬ 
quency  alternating  currents  showed  that  the  measured  capacitance  of  the 
platinum  electrode  decreases  in  proportion  to  the  increase  in  the  fre¬ 
quency  and  tends  to  the  limit  capacitance  of  the  ionic  double  layer 
(dispersion  of  capacitance  with  frequency).  Figure  83  shows  a  typical 
curve  of  the  electrode  capacitance  as  a  function  of  the  frequency  of 
the  alternating  current  in  a  solution  of  1  N  H2SO^  at  a  potential  of 
<P  *  0.1  v. 

The  phenomenon  described  in  the  foregoing  can  be  accounted  for  on¬ 
ly  by  a  delay  of  the  ion  discharge  or  atom  ionization  processes.  If  the 
reversible  transformation  of  the  hydrogen  ions  and  atoms  took  place  at 
a  very  great  rate,  the  atomic  covering  would  be  in  equilibrium  with  the 
ionic  double  layer  under  any  conditions.  In  fact,  however,  owing  to  the 
low  rate  of  the  electrode  reaction,  the  equilibrium  between  the  atomic 
and  ionic  layers  is  upset;  if  the  potential  varies  rapidly,  the  atomic 
layer  cannot  change  its  condition.  In  the  limit  case,  with  very  rapid 
variation  of  the  electrode  potential,  the  transformation  of  atoms  to 
ions  or  the  reverse  process  cannot  take  place  at  all  and  the  entire 
current  passing  through  the  electrode  is  used  only  for  the  alteration 
of  the  state  of  the  double  layer.  The  reaction  rates  of  the  ionization 
and  discharge  and  their  dependence  on  the  potential  can  be  directly 
calculated  from  the  capacitance  -  frequency  curves.* 

The  measurement  results  led  to  the  very  important  conclusion  that 
the  exchange  process  between  the  hydrogen  ions  and  atoms  takes  place  at 
a  finite,  relatively  low  rate  and,  in  consequence,  although  only  in  in¬ 
dividual  cases,  should  affect  the  general  kinetics  of  the  electrochem¬ 
ical  reaction. 
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The  concept  of  the  delayed  electrochemical  discharge  reaction  is 
attractive  because  it  opens  up  the  possibility  of  creating  a  broader 
basis  for  electrochemical  kinetics.  Up  to  now,  starting  out  from  the 
concepts  of  the  recombination  theories,  we  have  concentrated  all  our 
attention  on  the  purely  chemical  stages  of  the  combination  of  atoms  to 
molecules,  which  is  not  of  a  direct  electrochemical  nature  and  is  spe¬ 
cific  for  the  case  of  the  cathodic  separation  of  hydrogen.  By  contrast, 
the  theory  of  the  delayed  discharge  is  based  on  a  consideration  of  the 
kinetics  of  the  actual  electrochemical  reaction  of  addition  or  delivery 
of  electrons  and,  with  the  respective  more  exact  definitions  and  addi¬ 
tions,  can  be  extended  to  other  electrochemical  processes  as  well. 


Fig.  83.  Capacitance  of  the  smooth  platinum  electrode  as  a  function  of 
the  frequency  of  the  alternating  current  in  1  N  HgSO^  at  a  potential  of 
0.1  v;  A)  cycles. 


Let  us  consider  the  question  to  which  kinetic  laws  leads  the  as¬ 
sumption  of  a  slowing  down  of  the  discharge  stage  and  how  these  laws 
agree  with  the  experimental  data. 

The  slowing  down  of  the  stage  of  hydrogen  ion  discharge  points  to 
the  fact  that  this  reaction  requires  a  certain  activation  energy. 

According  to  th<-  equation  ol  chemical  kinetics,  the  rate  of 
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a  chemical  reaction  is  connected  with  the  activation  energy  W  by  the 
exponential  law 

w 

v-kCiC,...  «■**,  (179) 

where  o.t  <?.,  ...  are  the  concentrations  of  the  reactants,  and  k  is  a 
**  J 

proportionality  coefficient,  which,  as  a  rule,  depends  little  on  the 
temperature.  A  peculiarity  of  electrochemical  kinetics  compared  with 
normal  chemical  kinetics  is  the  strong  dependence  of  the  reaction  rate 
(current  density)  on  the  electrode  potential.  This  dependence  can  be 
explained,  if  it  is  assumed  that  the  electrode  potential  affects  the 
activation  energy  W. 

At  first  sight  it  may  appear  surprising  that  the  simple  reaction 
of  the  combination  of  the  positively  charged  hydrogen  ion  with  the  neg¬ 
ative  electron  should  require  a  certain,  even  fairly  large  activation 
energy.  This  fact,  however,  may  be  due  to  the  strong  hydration  of  the 
hydrogen  ion  in  solution. 

Already  at  the  end  of  the  Seventies  in  the  last  century  Professor 
R.A.  Kolli  of  Kazan'  University  advanced  the  hypothesis  that  if  the 
voltage  applied  to  the  galvanic  circuit  is  insufficient,  the  particles 
(according  to  the  terminology  of  that  time  "the  atoms  of  the  ion")  can¬ 
not  be  separated  from  the  electrolyte  molecule  and  in  consequence  can¬ 
not  be  discharged  at  the  electrode  [M],  The  concept  of  the  role  of  the 
rupture  of  a  chemical  bond  in  the  discharged  reaction  was  formulated 
by  R.A.  Kolli  with  the  maximum  clarity  attainable  at  that  time.  The 
further  development  of  these  concepts  was  made  possible  by  the  intro¬ 
duction  of  the  idea  of  the  hydration  of  ions  in  aqueous  electrolyte  so¬ 
lutions  into  physical  chemistry  which  we  owe  primarily  to  I. A.  Kablukov 
(1891)  who  proceeded  from  the  hydrate  theory  of  D.I.  Mendeleyev. 

Early  in  this  century  Leblanc  [^5]  arrived  at  the  conclusion  that 


the  discharge  of  certain  metal  ions  at  the  cathode  is  delayed  and  con¬ 
nected  with  a  strong  polarization  in  consequence  of  the  fact  that  these 
ions  form  part  of  stable  complexes  (for  example,  with  solvent  mole¬ 
cules,  with  anions,  etc.)*  which  must  be  disrupted  during  the  dis¬ 
charge.  The  decomposition  of  the  complex  (or  the  reverse  formation  of 
the  complex  during  the  anodic  dissolution  of  metals)  takes  place  with  a 
certain  kinetic  delay  and  determines  the  course  c  f  the  entire  electrode 
reaction.  N.A.  Izgaryshev  who  studied  the  deposition  of  metals  and 
somewhat  later  also  that  of  hydrogen  from  solutions  of  different  compo¬ 
sition  [46]  arrived  at  similar  concepts  in  1915  and  used  them  widely  in 
his  investigations. 

The  hydrogen  ion  in  aqueous  solution  is  a  strongly  bound  complex 
of  a  proton  with  a  molecule  of  water  (H+  ...  H20  or  H^Of)  which  is 
sometimes  termed  the  hydroxonium  ion.  The  charge  of  this  ion  is  uni¬ 
formly  distributed  among  three  hydrogen  atoms,  which  are  thus  equiva¬ 
lent.  The  hydroxonium  ion  as  a  whole,  as  any  other  ion,  in  surrounded 
by  an  additional  hydrate  envelope. 

During  the  process  of  discharge  of  the  hydrogen  ion  considerable 
interaction  forces  between  the  proton  and  the  water  molecule  must  be 
overcome.  The  magnitude  of  these  forces  can  be  gaged  by  the  fact  that 
the  hydration  energy  of  the  proton  amounts  to  282  kcal  per  1  g-ion. 

In  order  to  derive  the  kinetic  laws  of  the  reaction  of  cathodic 
hydrogen  separation  we  must  investigate  the  problem  of  the  effect  of 
the  electrode  potential  on  the  activation  energy;  by  substituting  into 
Eq.  (179)  the  functional  relation  between  W  and  <P,  we  obtain  directly 
the  equation  which  interests  us,  which  connects  the  current  density 
with  the  electrode  potential. 

The  variation  of  the  electrode  potential  affects  directly  the  heat 
effect  of  the  discharge  reaction.  The  discharge  reaction  can  be  mental- 
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ly  decomposed  into  a  number  of  separate  stages,  one  of  which  is  the 
stage  of  the  transfer  of  an  electron  from  the  metal  to  the  solution  or 
a  proton  from  the  solution  to  the  metal.  The  variation  bE  of  the  elec¬ 
trical  energy  during  this  stage  irvolves  a  Jump  of  the  electrostatic 
potential  between  the  metal  and  the  solution:  LE  -  9F.  The  more  nega¬ 
tive  the  electrode  potential,  the  greater  is  the  gain  of  electrical  en¬ 
ergy  during  the  reaction  between  the  electron  and  the  hydrogen  ion  and 
the  greater  is  the  heat  effect  of  this  stage.  It  follows  from  this  that 
the  heat  effect  of  the  process  of  discharge  of  the  hydrogen  ion  is 
connected  with  the  electrode  potential  by  the  relation 

Qi-'Ql-fF,  (180) 

where  is  the  value  of  $  at  <P  «  0.  The  heat  effect  of  the  reverse  re¬ 
action  of  ionization  of  the  hydrogen  atoms  differs  from  Q ^  in  sign  and 
increases  with  a  shift  of  the  potential  to  the  negative  side 

( 180a) 

The  heat  effect  is  a  thermodynamic  quantity  and  does  not  directly 
determine  the  kinetic  parameters  of  the  reaction,  as,  for  example,  the 
activation  energy.  It  is  known,  however,  from  chemical  kinetics,  that  a 
certain  relationship  exists  In  some  cases  between  the  heat  effect  and 
the  activation  energy.  By  studying  various  analogous  chemical  reactions 
(i.e.,  reactions  in  which  one  of  the  components  is  successively  re¬ 
placed  by  others,  similar  in  its  structure,  for  example,  substitution 
products  or  homologs  of  the  same  substance)  one  can  often  observe  that 
In  proportion  to  the  increase  in  the  heat  effect  of  the  reaction  its 
activation  energy  decreases.  To  these  reactions  belong,  for  example, 
the  hydrolysis  reactions  of  various  halogen-substituted  organic  com¬ 
pounds,  the  substitution  of  certain  groups  in  organic  substances,  the 
saponification  of  esters  under  the  catalytic  influence  of  hydrogen  ions 
and  the  undissociated  molecules  of  weak  acids,  etc.  As  follows  frem  the 
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experimental  data,  the  lowering  of  the  activation  energy  in  these  cases 
amounts  to  a  certain  fraction  of  the  increase  in  the  heat  effect  of  the 
reaction,  i.e., 

AV--.AQ,  (I8i) 

where  a  is  the  proportionality  coefficient  (0  <  a  <  1).  Equation  (181) 
is  known  in  chemical  kinetics  under  the  term  Broensted  relation.* 

As  A.tf.  Frumkin  already  showed  C ^ 7 ] ,  the  transfer  of  e  proton  from 
the  hydroxyl  ion  to  the  negatively  charged  metal  electrode  may  be  re¬ 
garded  as  a  partial  case  of  the  reaction  of  proton  transfer  from  any 
substance  which  gives  off  protons  (proton  donor  or  "acid,"  according  to 
the  terminology  of  Broensted)  to  a  substance  which  accepts  protons 
(proton  acceptor  or  "base").  The  rate  of  these  reactions  depends  on  the 
heat  of  dissociation  of  the  respective  acids  and  bases  and,  as  a  rule, 
obey  Eq.  (181)  well.  Hence  this  equation  may  be  also  extended  to  elec¬ 
trochemical  reactions  involving  the  discharge  of  hydrogen  ions. 

In  the  case  of  an  electrochemical  reaction  the  heat  effect  can 
vary  not  only  because  of  the  replacement  of  one  reaction  component  by 
another  substance  but  also  because  of  a  variation  of  the  electrode  po¬ 
tential.  Using  Eq.  (l8l)  and  taking  into  account  (180),  we  find  that  in 
this  case 

aEA?  (182) 


or 


Wt-Wi+mFv,  (183) 

apply#  i*e.,  the  activation  energy  decreases  in  proportion  to  the  shift 
of  the  electrode  potential  to  the  negative  side. 

For  the  process  of  ionization  of  the  hydrogen  ions,  we  have,  anal¬ 
ogously 


a«7,-  -  pag,  - 
(P<1) 
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(185) 


In  this  case  the  activation  energy  decreases  in  proportion  to  the 
shift  of  the  potential  to  the  positive,  and  not  the  negative,  side. 

In  order  to  elucidate  the  physical 
meaning  of  the  relationship  between  ac¬ 
tivation  energy  and  electrode  poten¬ 
tial,  as  expressed  in  the  equations 
(183)  and  (185),  we  must  consider  in 
greater  detail  the  phenomena  which  take 
place  during  the  discharge  of  hydrogen 
ions . 

The  hydroxonium  ion  can  approach 
the  electrode  surface  only  to  a  certain 
distance  determined  by  its  effective  diameter.  During  the  discharge  one 
of  the  protons,  forming  part  of  this  ion,  is  removed  from  it.  Let  us 
designate  ine  point  at  which  the  center  of  the  proton  is  located  at  the 
initial  moment  of  discharge,  by  A.  During  the  elementary  act  of  dis¬ 
charge  of  the  ion  a  neutral  hydrogen  atom  is  formed;  this  atom  is  ad¬ 
sorbed  on  the  electrode  surface  because  the  discharge  takes  place  in 
the  zone  of  action  of  the  surface  forces.  The  dimensions  of  the  ad¬ 
sorbed  atom  are  considerably  smaller  than  the  dimension  of  the  hydrated 
ion  and  the  point  B  where  the  center  of  the  atom  is  during  equilibrium 
is  closer  to  the  electrode  surface  than  A  (see  Fig.  8*1). 

During  the  discharge  the  proton  must  be  moved  in  the  direction  to 
the  electrode  surface  from  A  to  B.  The  first  stage  of  the  movement  is 
the  stretching  of  the  hydroxonium  ion.  The  potential  curves  showing 
the  energy  E  of  the  hydrogen  ion  and  atom  as  a  function  of  the  distance 
x  from  the  electrode  surface  are  given  in  Fig.  8*1. 


Fig.  84.  Potential  curves  of 
the  hydrogen  ion  and  ad¬ 
sorbed  hydrogen  atom. 


o 


The  curve  aa  describes  the  increase  in  the  energy  of  the  system 
proton/water  molecule  when  the  proton  is  removed  from  the  stable  equi¬ 
librium  position  A  in  the  hydroxonium  ion.  Curve  bb  represents  in  an 
analogous  manner  the  energy  increase  taking  place  during  the  displace¬ 
ment  of  the  adsorbed  hydrogen  atom  from  its  equilibrium  position  B. 

During  the  motion  of  the  proton  from  A  to  B  the  energy  of  the 
whole  system  increases  until  the  proton  is  in  a  certain  intermediate 
position  C,  in  which  the  potential  curves  intersect.  At  this  point  one 
form  of  bonding  of  the  hydrogen  changes  to  another;  the  hydrogen  ion  is 
transformed  into  an  atom  which  is  adsorbed  on  the  electrode  surface.* 

In  proportion  to  the  further  approach  of  the  atom  to  its  equilibrium 
position  B  the  energy  again  decreases  in  consequence  of  the  effect  of 
the  adsorption  forces. 

The  activation  energy  of  the  discharge  of  the  hydrogen  ion  is 
equal  to  the  difference  of  the  potential  energies  of  the  system  in  the 
initial  state  A  and  in  the  intermediate  position  C 

Wx-E0-Eh.  (186) 


Analogously  for  the  reverse  reaction  of  ionization  of  the  adsorbed 
hydrogen  atoms  the  activation  energy,  whose  existence  in  this  case  is 
due  to  the  necessity  of  overcoming  the  adsorption  energy  of  the  atom, 
is 

V,-£c-£b.  (l86a) 


During  the  polarization  of  the  electrode  the  potential  curve  bb  of 
the  hydrogen  atom  does  not  change  because  the  atom  is  not  charged.  With 
the  hydrogen  ion  the  situation  is  different.  A  shift  of  the  .electrode 
potential  to  the  negative  side  is  equivalent  to  a  shift  of  the  poten¬ 
tial  of  the  solution  to  the  positive  side.  The  positive  ion  pres¬ 

ent  in  the  solution  then  goes  to  a  higher  energy  level,  and  the  curve 
aa  for  the  hydrogen  ion  is  raised  parallel  to  itself  (curve  a 'a'  in 
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Fig.  85.  Displacement  of  the  po¬ 
tential  curve  of  hydrogen  ion 
during  variation  of  the  electrode 
potential . 

Fig.  85).  The  energy  of  the  hydrogen  ion  is  consequently  expressed  by 
the  relation 

£Ai .#-/>,  (187) 

where  is  the  energy  of  the  ion  at  <p  =  0.* 

The  heat  effect  of  the  discharge  reaction,  which  is  evidently 
equal  to  the  total  energy  decrease  during  the  discharge  process  Q1  « 

»  Ea  -  Eb,  increases  during  the  cathodic  polarization  of  the  electrode 
by  the  same  amount  as  the  energy  of  the  hydrogen  ion  in  the  initial 
state  Ay  i.e. , 

(188) 

The  variation  of  the  activation  energy  during  the  polarization  of 
the  electrode  is  due  not  only  to  the  variation  of  the  potential  energy 
of  the  ion  AE^ ,  but  also  the  variation  of  the  energy  AEC  in  the  inter¬ 
mediate  position  C.  This  last  quantity  is  less  than  aea»  As  can  be 
readily  seen  from  Fig.  86,  when  the  curve  aa  is  displaced  upwards  or 
downwards,  the  relation 

A£c-pAfA-  -PFA9,  (189) 

applies,  where 
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(190) 


3  -  iE9  „  Mt* 

and,  consequently,  6  <  1;  0  and  9  are  the  slope  angles  of  the  curves  aa 
and  bb.  For  the  dependence  of  the  activation  energy  of  the  discharge  on 
the  electrode  potential  we  obtain  from  (186),  (187)  and  (190) 

V,-(£o-£i)+(l-Wf/rf  (191) 

or,  replacing  -  F^  by  and  assuming  that  1  -  6  -  a, 

Wi~Wl+*F<?, 


where 


tg  > 

*  ”  tg  i + lg  o 


(192) 


(193) 


and,  consequently,  a  <  1.. 


The  activation  energy  of  the  reverse  reaction  of  the  ionization  of 
the  atoms  is 

U7,=*(£^-£j)-pF?=:«7S_pF?.  (19*0 

By  examining  the  energetic  relations  during  the  discharging  and 
ionization  of  the  hydrogen  ions,  we  have  thus  arrived  at  equations 
which  are  identical  with  Eqs.  (183)  and  (185)  which  follow  from  the 
relation  (l8l). 

It  also  follows  from  this  conclusion  that  the  sum  of  the  coeffi-  „ * 
cients  which  connect  the  variation  of  the  activation  energy  with  the 
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variation  of  the  electrical  energy  of  the  ion  for  the  direct  and  the 
reverse  reaction,  should  equal  unity 

«  +  hl.  (195) 

According  to  (190)  and  (193)  the  values  of  a  and  8  depend  on  the 
slope  of  the  potential  curves  near  their  intersection.* 

As  will  be  evident  from  the  following,  these  coefficients  often 
but  by  no  means  always  assume  the  value  a  *=  8  =  0.5,  which,  according 
to  the  above  reasoning,  should  correspond  to  the  same  slope  of  the  po¬ 
tential  curves  of  the  hydrogen  atom  and  ion  near  the  point  of  their  in¬ 
tersection. 

The  scheme  described  in  the  foregoing  contains  an  assumption  con¬ 
cerning  the  adiabatic  nature  of  the  discharge  process,  which  amounts  to 
this:  by  determining  the  energy  as  a  function  of  the  distance  of  the 
proton  from  the  electrode  surface,  E  =  f(x) ,  we  have  assumed  that  E  is 
a  function  only  of  the  position  of  the  proton  and  not  of  the  possible 
electronic  configuration.  In  other  words,  it  was  assumed  that  at  any 
position  of  the  nuclei  in  our  system  the  electrons  move  in  such  a  way 
that  a  state  of  minimum  energy  for  the  given  position  of  the  nuclei  is 
maintained.  This  assumption  is  not  obvious;  chemical  reactions  are 
known  in  which  it  does  not  apply.  However,  as  the  calculations  of  M.I. 
Temkin  have  shown,  it  is  apparently  Justified  in  the  case  of  the  dis¬ 
charge  of  the  hydrogen  ion. 

Equation  (192)  expresses  the  same  dependence  of  the  activation 
energy  of  the  reaction  of  transformation  of  the  hydrogen  ion  into  an 
adsorbed  atom  as  a  function  of  the  overvoltage,  which  we  have  found 
above  on  the  basis  of  the  experimental  data  for  the  activation  energy 
of  the  over-all  process  of  cathodic  separation  of  molecular  hydrogen 
(Eq.  (1^9),  §3,  Chapter  3).  This  result  is  natural  because  in  the 
scheme  in  which  the  over-all  rate  of  the  process  is  determined  by  the 
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rate  of  the  discharge  stages,  the  activation  energy  of  this  stage 
should  determine  the  activation  energy  of  the  over-all  process. 

In  the  above-described  elementary  calculation  we  have  considered 
only  the  variation  of  the  quantities  and  W 2  with  potential.  Hence 
the  potential  at  which  we  considered  that  <P  =  0  could  have  been  chosen 
arbitrarily  and  the  physical  meaning  of  the  quantity  and  w®  re¬ 
mained  indeterminate.  In  other  words,  we  have  considered  how  the  posi¬ 
tion  of  the  level  E in  Figs.  84  and  85  varies  with  variation  of  the 
potential  curves  aa  and  bb  were  known  exactly,  we  could  calculate  from 
the  position  of  the  point  of  intersection  of  these  potential  curves  the 
quantity  which  we  designated  in  S3  by  W  and  which  cannot  be  directly 
determined  by  experiment.  For  the  calculation  of  the  quantity  designat¬ 
ed  by  us  as  A  (Eq.  139b),  which  is  known  from  experiment,  we  do  not 
need  to  know  the  actual  position  of  the  levels  aa  and  bb.  As  a  more  de¬ 
tailed  analysis  of  the  energy  relations  during  the  discharge  of  the  hy¬ 
drogen  ion  shows  [23],  if  the  potential  curve  aa  of  the  hydrogen  ion  at 
the  equilibrium  hydrogen  potential  is  placed  in  such  a  way  that  its 
minimum  is  above  the  minimum  of  the  potential  curve  bb  of  the  adsorbed 
atom  at  a  distance  X,  where  X  is  the  heat  of  adsorption  of  half  an  H2 
mole  on  the  metal  of  the  electrode  (i.e.,  so  that  the  H+  ion  in  the 
minimum  of  the  curve  aa  is  at  the  same  energy  level  as  the  hydrogen  at¬ 
oms  in  gaseous  molecular  hydrogen),  the  ischarge  activation  energy 
determined  from  the  intersection  of  the  potential  curves  coincides  with 
A0,  the  value  of  A  at  equilibrium  potential  (Eq.  139b,  53  of  Chapter 
3).  If  the  curve  aa  is  shifted  from  this  initial  position  with  varia¬ 
tion  of  the  overvoltage  in  the  manner  discussed  in  the  foregoing,  it 
follows  from  a  comparison  of  Eqs.  (192)  and  (140)  that  the  quantity 
determined  by  the  method  of  potential  curves  will  always  coincide  with 
the  quantity  A  at  the  corresponding  overvoltage  which  can  be  found  from 


the  current-temperature  relation. 

The  method  of  potential  curves  makes  it  possible  to  examine  also 
the  effect  of  other  factors  on  the  activation  energy  of  the  processes 
of  discharge  and  ionization  such  as,  for  example,  the  influence  of  the 
electrode  material  and  the  nature  of  the  solvent  (in  nonaqueous  solu¬ 
tions  ) . 

The  influence  of  the  electrode  material  is  exerted  primarily  via 
the  energy  or  heat  of  adsorption  <7  ^  of  the  atomic  hydrogen  on  the 
given  metal.  The  position  of  the  potential  curve  of  the  adsorbed  hydro¬ 
gen  atoms,  in  contrast  to  the  curves  for  the  hydrogen  ions,  depends  on 
the  nature  of  the  electrode:  the  greater  the  heat  of  adsorption  <?ads  of 
atomic  hydrogen,  the  less  is  the  energy  of  the  adsorbed  atoms  and  the 
lower  down  extends  the  curve  bb 

—  &qtK,  (196) 

where  A  Eg  is  the  variation  of  the  energy  of  the  atom  upon  varia-tion  of 
the  heat  of  adsorption  by  the  amount  A<?ads* 


Fig.  87.  Displacement  of  the  po¬ 
tential  curve  of  the  hydrogen 
atom  by  variation  of  the  adsorp¬ 
tion  energy  of  the  atom. 

The  energy  at  the  intersection  point  C ,  as  is  evident  from  Fig. 

87,  then  varies  as  a  function  of  <7ads  according  to  the  equation 
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c  =  —  abqlK. 


(197) 


By  substituting  these  expressions  into  the  equations  for  the  ac¬ 
tivation  energy  of  the  discharge,  we  find 


(198) 


AU7,r:  -a*q,MC  \ 

U^=r-cu7lJ/T 

where  W*  is  the  activation  energy  at  <7ads  =  0  (it  is  easy  to  see  that 
W*t  like  Vj,  depends  on  the  electrode  potential,  compare  Eq.  (192)). 
Thus  an  increase  in  the  adsorption  energy  of  the  hydrogen  atoms  results 
in  a  decrease  in  the  activation  energy  of  the  discharge  reaction,  i.e., 
it  facilitates  this  process. 

In  exactly  the  same  way  an  increase  in  the  solvation  energy  of  the 
proton,  when  one  solvent  is  replaced  by  another,  impedes  the  discharge 
of  the  ions.  The  relation  between  the  activation  energy  of  this  process 


and  the  heat  of  solvation  qg  of  the  proton  has  the  form 


(199) 


where  W **  is  the  activation  energy  at  qg  =  0. 

The  above-described  method  of  the  potential  curves  in  its  original 
form  was  used  in  1935  by  Horluti  and  Polanyi  [48]  for  the  general  case 
of  the  reaction  of  proton  transition  and,  in  particular,  for  the  reac¬ 
tion  of  the  discharge  of  hydrogen  ions.  Several  works  appeared  later  in 
which  the  deficiencies  of  this  scheme  were  pointed  out.  Reference  to 
the  inaccuracy  of  the  assumption  concerning  the  parallel  displacement 
of  the  potential  curve  during  variation  of  the  electrode  potential  has 
been  made  in  the  foregoing. 

Moreover,  this  scheme  takes  into  account  only  the  interaction  en¬ 
ergies  due  to  chemical  forces  of  attraction  between  the  hydrogen  atom 
and  the  metal  (curve  bb ,  Fig.  84)  and  between  the  proton  and  the  water 
molecule  (curve  aa.  Fig.  84).  However,  there  are  other  forms  of  chemi¬ 
cal  forces,  which  must  be  taken  into  account  in  a  consideration  of  the 
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energy  of  the  metal-hydrogen-water  system,  such  as,  for  example,  the 
repulsion  forces  between  the  adsorbed  hydrogen  atom  and  the  water  mole¬ 
cule,  which  cause  a  marked  increase  in  the  potential  energy  when  the  H 
atom  comes  close  to  the  H20  molecule  and,  consequently,  to  a  steeper 
rise  of  the  right  branch  of  curve  bb.  A  scheme  which  takes  into  account 
all  three  forms  of  energy  has  been  proposed  by  O.A.  Yesin  [h9].  In  the 
work  of  N.D.  Sokolov  [50]  the  hypothesis  is  advanced  that  the  first 
stage  of  the  discharge  reaction  is  the  formation  of  a  hydrogen  bond  be- 
tween  the  H^O  and  the  metal  in  presence  of  which  the  proton  is  par¬ 
tially  bound  to  the  water  molecule  as  well  as  to  the  metal.  This  means 
that  the  proton  is  partly  shielded  by  the  electrons  of  the  water  mole¬ 
cule,  partly  by  those  of  the  metal,  i.e.,  as  if  it  did  not  have  the 
full  elementary  charge  but  a  smaller  charge.  Under  this  assumption  the 
coefficient  a  is  determined  by  the  laws  of  change  of  the  electrostatic 
potential  and  the  degree  of  shielding  of  the  proton  on  the  reaction 
path  from  A  to  B. 

In  spite  of  these  deficiencies  the  method  of  potential  curves 
gives  a  satisfactory  physical  explanation  of  the  experimentally  estab¬ 
lished  dependence  of  the  activation  energies  of  various  reactions  on 
their  heat  effect  and,  in  particular,  the  dependence  of  the  activation 
energy  of  the  electrochemical  reaction  of  the  discharge  or  ionization 
of  hydrogen  on  the  potential  and  nature  of  the  electrode;  thus,  the 
physical  picture,  on  which  it  is  based,  probably  reflects  the  most  im¬ 
portant  features  of  the  observed  phenomena  correctly. 

It  should  be  pointed  out  that  attempts  have  also  been  made  to  ap¬ 
proach  the  interpretation  of  the  elementary  act  of  discharge  on  the  ba¬ 
sis  of  principally  different  physical  concepts.  Thus,  Gurney  [51]  de¬ 
veloped  a  theory  according  to  which  the  discharge  of  the  hydrogen  ion 
takes  place  via  a  Jump  of  an  electron  from  a  certain  energy  level  in 
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the  metal  to  that  of  the  Ion  In  solution.  Examining  this  electron  jump 
from  the  quantum  mechanical  viewpoint,  the  author  arrived  at  the  con¬ 
clusion  that  not  only  ions  directly  contiguous  to  the  electrode  but 
also  those  at  a  certain  distance  from  it  are  subject  to  discharge  via 
this  "tunnel"  transition.  This  theory  fails  entirely  to  take  into  ac¬ 
count  the  adsorption  energy  of  the  hydrogen  on  the  metal.  It  can  be 
shown  that  leaving  the  adsorption  energy  of  the  hydrogen  atom  out  of 
consideration  leads  to  markedly  excessive  values  for  the  activation  en¬ 
ergy  of  the  discharge  reaction.  On  the  other  hand,  if  the  adsorption 
energy  is  taken  into  account,  the  relative  probability  of  the  tunneling 
of  the  electrons  over  short  distances  is  increased  and  t^ere  is  no 
longer  any  need  for  considering  the  discharge  of  ions  at  a  greater  dis¬ 
tance  from  the  electrode.  Hence  the  picture  proposed'  by  Gurney  is  not 
applicable  to  the  case  of  discharge  of  the  hydrogen  ion. 

It  is  not  impossible,  however,  that  this  picture  can  nonetheless 
be  applied  in  some  measure  to  other  cases  of  electrolysis. 

§10.  KINETIC  EQUATIONS  OF  THE  THEORY  OF  DELAYED  DISCHARGE 

In  the  derivation  of  the  kinetic  equations  of  the  theory  of  the 
delayed  discharge  use  is  made  of  the  concept  of  the  existence  of  a 
connection  between  the  variation  of  the  activation  energy  of  the  dis¬ 
charge  reaction  and  the  variation  of  the  electrode  potential. 

In  its  original  simplest  form,  developed  by  Erdey-Gruz  and  M.  Vol- 
mer,  the  theory  of  the  delayed  discharge  leads  to  the  following  laws. 

One  ion  and  one  electron  take  part  in  the  elementary  ac.t  of  dis¬ 
charge  of  the  hydrogen  ions,  i.e.,  this  reaction  proceeds  as  a  first- 
order  reaction:  the  rate  of  the  discharge  reaction  is  proportional  to 
the  concentration  of  the  hydrogen  ions  in  the  solution.* 
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(200) 


<K=*'(H‘]r$ 

The  activation  energy  as  a  function  of  the  potential,  according 
to  the  generally  accepted  theory,  is  expressed  by  Eq.  (183).  By  substi¬ 
tuting  this  value  of  into  Eq.  (200)  we  obtain: 

*^1  •** 

.  (201) 

It  is  evident  from  this  equation,  which  connects  the  current  den¬ 
sity  with  the  cathode  potential,  that  with  increase  in  the  negative  po¬ 
tential  the  current  density  increases. 

Solving  Eq.  (201)  relative  to  the  potential,  we  find 

(202) 

The  overvoltage  is 

+ ri?T:,nlH.,14'S:,n/K‘  (203) 

The  rate  of  the  reverse  reaction  of  ionization  of  the  atoms  de¬ 
pends  on  the  concentration  of  the  adsorbed  hydrogen  atoms.  If  this  con¬ 
centration  on  a  given  metal  depends  only  on  the  pressure  of  the  gaseous 
hydrogen,  i.e.,  if  the  exchange  rate  between  the  gas  phase  and  the 
atoms  on  the  metal  surface  is  sufficiently  large,  to  preserve  the  ad¬ 
sorption  equilibrium  during  the  passage  of  current  through  the  elec¬ 
trode,  then  it  can  be  considered  to  be  constant  at  constant  (for  exam¬ 
ple,  atmospheric)  pressure.  The  ionization  current  in  this  case  is 

_IV, 

/A  =  **e  **  (204) 


or,  taking  into  account  (185), 

irr 


(205) 


The  constants  k ”  and  k jj  in  the  case  of  slight  filling  of  the  sur¬ 
face  with  adsorbed  hydrogen  are  proportional  to  its  concentration  and, 
consequently,  to  the  square  root  of  the  pressure  of  the  gaseous  hydro- 
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gen. 


Solving  (205)  for  the  potential,  we  find 

?-flA  +  prln*A.  (206) 

and  for  the  overvoltage  of  the  anodic  process 

HA-t-t,-OA-7r«n(H*J  +  gflr./A.  (20?) 

At  the  equilibrium  potential  the  rates  of  the  discharge  and  ion¬ 
ization  reactions  are  equal.  Equating  the  values  In  i  from  Eqs.  (201) 
and  (205),  we  find: 


+  =  +  (208) 

Because,  according  to  Eq.  (195),  0+8*1,  Eq.  (208)  coincides 
with  the  well-known  expression  for  the  equilibrium  potential  of  the  hy¬ 
drogen  electrode  which  is  used  derived  by  a  thermodynamic  method  (its 
kinetic  derivation  has  been  given  by  Butler  [52]).  Substituting  the 
value  of  <Pp  from  Eq.  (208)  into  Eq.  (201)  and  (205)  instead  of  <P,  we 
find  equal  values  of  the  cathodic  and  anodic  currents  at  equilibrium 
potential,  i.e.,  and  exchange  current  t°: 

/•«:(*;)»(*;)•.  {H*J».  (209) 

At  a  *  8  *=  1/2,  according  to  the  above, 


!*-(*;*;  (H*])'/» = kiP\[\  ( 209a  > 

If  the  cathodic  or  anodic  polarization  are  not  too  high,  the  cath¬ 
odic  and  anodic  currents  must  be  taken  into  account  simultaneously.  The 
general  expression  for  tK  applicable  at  any  value  of  the  potential,  can 
be  obtained  from  Eqs.  (201),  (205),  (208)  and  (209): 


At  small  values  of  nK  it  follows  from  Eq.  (210)  that  if  we  take 
into  account  that  a  +  8  *  1: 
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RT  'k 

’fc-Ti f-  (211) 

Equation  (211)  could  also  have  been  obtained  from  (1*16)  If  Instead 
of  and  b A  the  values  FT/aF  and  /?f/BF,  which  follow  from  the  theory 
of  the  delayed  discharge,  are  substituted.  Equation  (211)  differs  from 
Eq.  (167)  obtained  from  the  recombination  theory,  by  the  fact  that  the 
coefficient  in  front  of  iK/t°  is  twice  as  large.  The  conclusion  that 
the  polarization  of  the  electrode  is  the  smaller  the  greater  the  ex¬ 
change  current,  remains  valid. 

The  theory  of  the  delayed  discharge  in  the  above-given  simplest 
form  has  several  consequences  which  are  in  good  agreement  with  experi¬ 
ment.  The  linear  relation  between  overvoltage  and  logarithm  of  current 
density  is  the  same  as  in  the  recombination  theory.  The  noncorrespond¬ 
ence  between  the  theoretical  and  experimental  coefficient  in  front  of 
the  logarithm  of  the  current  density,  however,  is  eliminated  in  the 
theory  of  the  delayed  discharge.  According  to  the  theory  of  the  delayed 
discharge  this  coefficient  is  b K  »  FT/aF ,  where  a  is  a  constant  less 
than  unity.  If  a  *  0.5,  which  corresponds  to  an  equal  slope  of  the  po¬ 
tential  curves  at  the  point  of  intersection,  the  coefficient  b  in  the 
overvoltage  equation  has  the  value  2 FT/F  which  agrees  with  the  experi¬ 
mental  data  for  most  metals. 

By  means  of  the  theory  of  the  delayed  discharge  we  can  also  ex¬ 
plain  quantitatively  the  dependence  of  the  overvoltage  on  the  electrode 
material.  As  has  been  shown  in  the  preceding  section,  the  influence  of 
the  nature  of  the  metal  is  exerted  via  the  energy  adsorption  of  the  hy¬ 
drogen  on  the  given  metal.  By  substituting  (198)  into  the  kinetic  equa¬ 
tion  (200)  for  the  discharge  of  hydrogen  ions,  we  find 

O  <212> 

From  this  follows  for  the  cathode  potential 
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(213) 


f  »  const  "t*  “Jr  4*  ^  In  (li*j  —  In/* 
and  for  the  overvoltage 

1* -  const  -  *r.  in (H-J  +  £  In /«.  (2lH) 

At  $  *  a  «  1/2  Eq.  (21*0  assumes  the  form: 

TlK-const--^-^ln[H‘)  +  ^in/K.  (214a) 

and  at  constant  current  density  and  a  certain  composition  of  the  solu¬ 
tion 

TiK  =  const  — .  ( 211lb ) 

Thus  the  adsorption  energy  of  atomic  hydrogen  enters  as  an  addi¬ 
tional  term  into  the  expression  for  the  potential  of  the  polarized 
cathode  or  (with  negative  sign)  into  the  expression  for  the  overvolt¬ 
age:  an  increase  in  the  adsorption  energy  lowers  the  overvoltage  of  the 
discharge  reaction.  Eq.  (21*Jb)  is  reminiscent  of  Eq.  (170)  obtained 
earlier  by  N.I.  Kobozev  and  N.I.  Nekrasov  which  connects  the  overvolt¬ 
age  with  the  adsorption  energy  on  the  hypothesis  of  an  equilibrium  be¬ 
tween  the  ions  and  adsorbed  atoms.  However,  apart  from  the  fundamental 
difference  in  the  interpretation  of  the  adsorption  energy  for  the  over¬ 
voltage  there  is  also  an  important  difference  between  these  two  mathe- 
matical  relations,  namely  that  in  Eq.  ( 21 4b )  the  term  RT/F  In  [H]!"  is 
absent,  whose  presence  in  Eq.  (170)  led  N.I.  Kobozev  and  N.I.  Nekrasov 
to  conclude,  for  example,  that  n  is  independent  of  the  adsorption  ener¬ 
gy  for  metals  with  large  overvoltage  (see  page  ). 

The  relationship  between  overvoltage  and  pH  obtained  from  the  the¬ 
ory  of  the  delayed  discharge  coincides  with  the  relationship  observed 
in  solutions  with  constant  total  electrolyte  concentration  (Eq.  1*19), 
namely,  the  overvoltage  for  the  discharge  process  should  decrease  by 
approximately  58  mv  if  the  concentration  of  the  hydrogen  ions  is  in¬ 
creased  tenfold,  because  according  to  Eq.  (203),  at  a  =  0.5,  the  coef- 
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ficient  of  log  [H+]  Is  58  mv.  This  is  not  unexpected  because  we  assumed 
in  the  derivation  of  the  formula  (203)  that  the  discharge  rate  is  pro¬ 
portional  to  the  hydrogen  ion  concentration,  i.e.,  that  the  discharge 
is  a  first-order  reaction;  we  have  arrived  at  the  same  conclusion  ear¬ 
lier  on  the  basis  of  the  experimental  data. 

In  the  above  form  however,  the  theory  of  the  delayed  discharge  is 
not  acceptable.  For  example,  it  is  not  possible  to  explain  on  the  basis 
of  it  the  dependence  of  the  overvoltage  on  the  composition  of  the  solu¬ 
tion  for  all  other  cases,  with  the  exception  of  the  one  considered 
above,  such  as,  for  example,  in  pure  acid  solutions,  in  solutions  with 
constant  pH,  but  with  varying  total  electrolyte  concentration,  in 
presence  of  surface-active  substances,  etc. 

This  circumstance  made  it  imperative  to  revise  the  premises  of  the 
original  theory  of  the  delayed  discharge. 

511.  INFLUENCE  OF  THE  STRUCTURE  OF  THE  DOUBLE  LAYER  ON  THE  DISCHARGE 

RATE 

In  the  original  form  the  theory  of  the  delayed  discharge  consider¬ 
able  use  was  made  of  concepts  borrowed  from  general  chemical  kinetics, 
in  particular,  that  of  the  connection  between  reaction  rate  and  reagent 
concentration.  The  specific  electrochemical  nature  of  the  reactions  was 
taken  into  account  only  when  the  assumption  concerning  the  influence  of 
the  electrode  potential  on  the  activation  energy  was  introduced.  The 
electrochemical  reactions,  however,  compared  with  normal  chemical  reac¬ 
tions,  have  other  specific  features  as  well  which  must  be  taken  into 
account  when  kinetic  laws  are  to  be  derived. 

In  the  case  of  homogeneous  chemical  reactions  between  uncharged 
particles  the  concentration  in  the  volume  of  the  reaction  vessel  enters 
into  the  equation  for  the  reaction  rate;  in  the  case  of  heterogeneous 
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reactions  with  participation  of  adsorbed  substances  the  surface  concen¬ 
trations  of  these  substances  must  be  substituted  into  the  kinetic  equa¬ 
tions.  In  the  case  of  electrochemical  reactions  (which  proceed  at  the 
metal/solution  interface  and  which  are  thus  also  heterogeneous)  this 
problem  is  complicated  by  the  fact  that  the  concentration  of  the  react¬ 
ing  substances  in  the  reaction  zone  may  differ  from  the  volume  concen¬ 
tration  not  only  because  of  the  presence  of  normal  adsorption  forces 
but  also  because  of  the  electrostatic  interaction  of  the  electrode  with 
ions  in  the  solution.  Whereas  the  adsorption  forces  between  the  metal 
and  the  ions  in  solution  are  not  always  acting,  the  existence  of  elec¬ 
trostatic  forces  is  indissolubly  bound  up  with  the  presence  of  electric 
charges  on  the  electrode  and  on  the  reacting  particles  and  should  be 
taken  into  account  during  the  examination  of  any  electrochemical  reac¬ 
tion.  The  magnitude  of  the  electrostatic  interaction  depends  on  the 
charge  density  on  the  electrode  surface,  i.e.,  on  the  electrode  poten¬ 
tial,  and  also  on  the  structure  of  the  double  layer  (for  example,  on 
the  degree  of  its  diffusiveness).  Hence  these  factors  have  an  important 
effect  on  the  surface  concentration  and  thus  on  the  kinetics  of  the 
electrochemical  reaction.  During  the  transition  through  the  zero  charge 
point  (i.e.,  during  the  charge  reversal  of  the  electrode  surface)  the 
electrostatic  interaction  between  the  metal  and  the  ions  also  changes 
its  sign:  the  attraction  forces  are  transformed  into  repulsion  forces 
and  vice  versa. 

The  influence  of  the  structure  of  the  double  layer  on  the  kinetics 
of  electrochemical  reactions  has  been  taken  into  account  for  the  first 
time  by  A.N.  Prumkin  in  his  theory  of  the  hydrogen  overvoltage  [53]. 

The  influence  of  the  electrostatic  interaction  forces  between  the 
electrode  and  the  ions  on  the  concentration  of  the  reacting  ions  in  the 
reaction  zone  can  be  quantitatively  defined  if  certain  additional  as- 


sumptions  are  made  concerning  the  conditions  under  which  the  reaction 
takes  place  in  the  surface  layer. 

Assuming  that  the  electrochemical  reaction  takes  place  only  by  di¬ 
rect  contact  between  the  reacting  ions  or  ^molecules  and  the  metallic 
electrode  because  the  transition  of  an  electron  through  the  solution  to 
an  ion  which  is  at  a  certain  distance  from  the  electrode,  is  not  very 
probable  (see  above  59).  Hence  we  should  mean  by  reaction  zone  not  the 
whole  double  layer  but  only  part  of  it  which  extends  from  the  surface 
to  a  distance  which  does  not  exceed  the  effective  diameter  of  the  ion. 
If  the  filling  of  this  thin  surface  layer  is  not  too  great,  i.e.,  if 
the  ions  are  sufficiently  remote  from  each  other,  which  is  practically 
nearly  always  the  case,  the  concentration  in  the  surface  layer  is  con¬ 
nected  with  the  concentration  in  the  volume  of  the  solution  by  the 
Boltzmann  relation 

lHV-(H’]e  «*.  (215) 

The  excess  energy  W  of  the  reacting  ion  in  the  surface  layer  in 
the  case  of  the  action  of  electrostatic  forces  only  (without  adsorption 
forces)  is  W  =  where  n  is  the  valency  of  the  reacting  ion  (for 

S  x 

the  hydrogen  ion  n  -  +1)  and  <|^  is  the  mean  electrostatic  potential  at 
a  distance  of  approximately  one  ionic  radius  from  the  electrode  surface 
relative  to  the  potential  in  the  depth  of  the  solution.  In  this  case 
Eq.  (215)  can  be  rewritten  for  the  reaction  of  discharge  of  H+  ions  in 
the  form 

(215a) 

During  cathodic  polarization  of  the  electrode  to  potentials  which 
are  more  negative  than  the  potential  of  the  zero  charge  point,  ^  as¬ 
sumes  a  negative  value,  and  the  surface  concentration  of  the  hydrogen 
ions  exceeds  their  volume  concentration.  Under  the  same  conditions  the 
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surface  concentration  of  the  anions  (n  <  0)  i3  less  than  their  ^volume 
concentration.  At  more  positive  potentials  than  the  zero  charge  poten¬ 
tial  the  reverse  pattern  results,  which,  however,  is  normally  inter¬ 
fered  with  by  the  specific  adsorption  of  the  anions  by  chemical  forces. 

It  is  evident  from  Eq.  (215a)  that  the  surface  concentration  of 
the  ions  depends  on  all  factors  on  which  the  magnitude  of  the  ^  poten¬ 
tial  depends,  i.e.,  on  the  total  electrode  potential,  the  total  elec¬ 
trolyte  concentration  in  the  solution  and  the  adsorption  of  foreign 
surface-active  ions  and  molecules  (relative  to  the  basic  laws  which  the 
^  potential  obeys,  see  Introduction). 

Having  taken  into  account  the  surface  concentration  of  the  react¬ 
ing  ions  and  the  effect  of  the  double  layer  structure  on  this  concen¬ 
tration,  we  are  compelled  to  examine  in  greater  detail  also  the  problem 
of  the  effect  of  the  electrode  potential  on  the  activation  energy  of 
the  electrochemical  reaction.  At  the  moment  of  discharge  the  reacting 
ion  is  at  a  certain  point  near  the  electrode  surface  (point  A ,  Fig.  8*J ; 
the  difference  between  the  potentials  at  the  points  A  and  C  is  not  tak¬ 
en  into  account  here)  where  the  potential  differs  by  the  amount  ^  from 
the  potential  in  the  depth  of  the  solution.  The  energy  variation  of 
this  ion  during  polarization  of  the  electrode  obviously  depends  not  on 
the  total  electrode  potential  relative  to  the  solution  but  on  the  quan¬ 
tity  <P  —  <1^.  The  dependence  of  the  activation  energy  of  the  discharge 
process  on  the  electrode  potential  is  thus  expressed  by  the  relation 

'  Wl +  «F(<P -*,)  (216) 

instead  of  by  Eq.  (183).  In  analogy  we  have  for  the  activation  energy 
of  the  ionization  process,  instead  of  ( 1 8 5 ) 

(?-*,).  (216a) 

In  other  words,  not  the  whole  potential  difference  between  the 
electrode  and  a  point  in  the  depth  of  the  solution  but  only  part  of  the 


total  jump  localized  in  the  reaction  zone  affects  the  activation  energy 
of  the  electrochemical  process. 

It  follows  from  Eqs.  (216)  and  (2l6a),  in  particular,  that  the  ac¬ 
tivation  energy  can  vary  not  only  in  conseouence  of  a  variation  of  the 
electrode  potential  but  also  because  of  a  change  in  the  composition  of 
the  solution  which  affects  the  structure  of  the  double  layer. 

On  the  basis  of  the  foregoing  we  can  write  down  the  kinetic  equa¬ 
tion  for  the  reaction  of  the  discharge  of  the  hydrogen  ions  in  the  form 

(217) 

or,  substituting  (215a)  and  (216), 


r . 

A 


(217a) 


The  equation  for  the  ionization  rate  of  the  hydrogen  atoms  corre¬ 
spondingly  takes  the  form 

l^k'e  **  .  (2l8) 

Solving  Eqs.  (217a)  and  ( 2 1 8 )  for  the  potential,  we  obtain 

(219) 


T  oit  ti I"  [H1]  -  In  lK.  . 
RT, 


?"«A  +  ti  +  |gr1n/A- 


(220) 


The  overvoltages  of  the  cathodic  and  anodic  process  are 

Ik  “  flic+ ^7- 1.  “^7“  y-  In  (H*J  +  In/*,  (221) 

a. +  ^i— In  (H'J  +  ^InU*  (221a) 

The  equations  (219)-(221a)  differ  from  the  corresponding  eauations 
(202),  (203),  (206),  (207)  by  the  presence  of  the  term  ^ ^ . 

As  follows  from  Eqs.  (217a)  and  (218),  at  positive  4>1  and  given  <P 
the  reaction  rate  is  reduced  in  the  case  of  the  cathodic  as  well  as  the 
anodic  process  compared  with  the  values  which  would  be  obtained  at  ^  = 


-  287  - 


■  0,  and  this  in  the  same  ratio,  equal  to  t  According  to  Eq. 

(2l6a)  the  slowing  down  of  the  anodic  process  is  due  to  the  increase  in 
the  activation  energy  of  the  ionization  reaction.  The  activation  energy 
of  the  cathodic  process,  according  to  Eq.  (216)  is  reduced  if  ^  is 
positive;  the  rate  of  this  process  at  a  certain  potential,  however,  de¬ 
creases  in  spite  of  this  because  the  effect  of  the  decrease  of  the  con¬ 
centration  of  the  reacting  hydrogen  ions,  expressed  by  Eq.  (215a)  on 
the  rate  of  the  discharge  process  is  greater  than  the  effect  of  the 
change  in  the  activation  energy  (because  of  the  presence  of  the  coeffi¬ 
cient  a  in  Eq.  (216)).  In  the  case  of  a  negative  ^  all  these  varia¬ 
tions  obviously  proceed  in  the  opposite  sense. 

The  equilibrium  conditions  between  two  phases  of  a  given  composi¬ 
tion  and,  consequently,  also  the  equilibrium  potential  cannot  depend  on 
the  structure  of  the  interface.  Indeed,  it  follows  from  Eqs.  (217a)  and 


(218)  that 


and  that  the  value  of  T 

P 


T  ln<l '•]  +  >- I"  £ 

consequently  does  not  depend  on  the  quantity 


1* 


Let  us  now  consider  to  what  modification  the  new  theory  leads  com¬ 
pared  with  the  original  with  regard  to  the  problem  of  the  magnitude  of 
the  overvoltage. 

The  dependence  of  the  electrode  potential  or  overvoltage  on  the 
logarithm  of  the  current  density  in  the  case  of  the  discharge  of  the 
hydrogen  ion  at  the  mercury  electrode  remains  essentially  linear.  In 
the  absence  of  Specific  adsorption  the  term  ^  causes  only  a  slight  de¬ 
viation  from  linearity  due  to  the  fact  that  the  value  of  ^  in  one  and 
the  same  solution  varies  slightly  with  the  total  electrode  potential: 
this  deviation,  as  a  rule,  does  not  exceed  a  few  per  cent  if  the  poten- 
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tial  range  within  which  the  current  measurement  is  carried  out,  does 
not  contain  the  zero  charge  point  (see  further  on). 

Conversely,  in  the  investigation  of  the  problem  concerning  the  ef¬ 
fect  of  the  composition  of  the  solution  on  the  hydrogen  overvoltage, 
the  above-given  overvoltage  theory  leads  to  several  new  conclusions. 

Acfd  solutions.  The  equation  for  the  overvoltage  of  the  cathodic 
separation  of  hydrogen  (221)  contains  two  terms  which  depend  oh  the 

composition  of  the  solution:  the  term  - - =-  In  [H  ],  which  clearly 

includes  the  hydrogen  ion  concentration  and  the  term  ~-a  ^ ^ ,  which 
depends  on  the  total  concentration  and  valency  of  the  electrolyte  and 
also  on  the  presence  of  surface-active  substances  in  the  solution. 

In  order  to  elucidate  the  nature  of  the  dependence  of  the  over¬ 
voltage  on  the  composition  of  the  solution,  it  is  expecient  to  distin¬ 
guish  the  different  partial  cases  in  the  same  way  as  we  did  in  the  dis¬ 
cussion  of  the  experimental  results. 

Let  us  first  consider  the  question  of  the  dependence  of  the  over¬ 
voltage  on  the  pH  in  solutions  with  constant  total  electrolyte  concen¬ 
tration  in  the  absence  of  surface-active  substances,  as,  for  example, 
in  buffer  solutions  or  in  acidified  salt  solutions.  Under  these  condi¬ 
tions  the  ^  potential  at  the  same  electrode  potential  is  almost  inde¬ 
pendent  of  the  pH  of  the  solution.  The  only  variable  quantity  in  Eq. 

(221)  left  is  the  term  -  1-01  —  In  [H+],  according  to  which  the  over- 

ct  t 

*1 

voltage  increases  by  — - —  58  mv  (or  by  58  mv  at  a  :  0.5)  with  unit  in¬ 
crease  in  the  pH.  In  this  case  Eq.  (221)  does  not  differ  from  the  equa¬ 

tion  which  follows  from  the  original  theory  of  the  delayed  discharge 
and  corresponds  equally  well  to  the  experimental  data.  This  is  a  conse¬ 
quence  of  the  fact  that  at  constant  value  of  ^  the  surface  concentra¬ 
tion  of  the  hydrogen  ions  is  proportional  to  their  volume  concentration. 

Theory,  however,  leads  to  an  essentially  different  conclusion  with 
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regard  to  the  dependence  of  the  overvoltage  on  the  total  electrolyte 
concentration  In  the  solution.  The  addition  of  a  neutral  salt  to  the 
solution  of  an  acid  with  constant  concentration  causes  a  compression  of 
the  double  electric  layer  at  the  electrode  surface  and  to  a  lowering  of 
the  absolute  value  of  the  ^  potential.  As  has  been  shown  in  the  Intro¬ 
duction,  at  moderate  electrolyte  concentration  with  a  univalent  cation 
and  at  more  negative  electrode  potentials  than  the  zero  charge  point 
Dotential  (as  is  usually  the  case  during  cathodic  hydrogen  separation) 
the  value  of  ^  obeys  the  following  equation: 

+  (222) 

where  a  is  the  total  concentration  of  the  uni-univalent  electrolyte  in 
the  solution  and  B  is  a  constant  (compare  Eq.  (20a)). 

Substituting  this  expression  into  the  overvoltage  equation,  we  ob¬ 
tain 

+  \nc-^~\n[lV)  +  *f\ni,  (223) 

from  which  follows  that  a  tenfold  increase  in  the  electrolyte  concen¬ 
tration  of  the  solution  at  constant  pH  should  be  accompanied  by  an  in¬ 
crease  in  the  overvoltage  by  about  58  mv  at  l8°C. 

The  addition  of  salts  with  trivalent  and  tetravalent  cations  even 
in  low  concentration  causes  a  decrease  in  the  negative  value  of  ^  or 
even  makes  it  positive,  in  consequence  of  which,  in  accordance  with  Eq. 
(221)  the  overvoltage  should  increase  sharply  as  is  actually  observed 
in  the  experiment.  The  cause  of  the  increased  overvoltage  when  a  neu¬ 
tral  salt  is  added  to  the  solution  is  the  decrease  in  the  hydrogen  ion 
concentration  in  the  surface  layer  which,  in  turn,  results  in  a  de¬ 
crease  in  the  rate  of  discharge  of  the  hydrogen  ions. 

In  strong  acid  solutions  which  do  not  contain  foreign  electro¬ 
lytes,  the  two  terms  in  Eqs.  (217a)  and  (221)  which  depend  on  the  com- 
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position  of  the  solution  vary  simultaneously  with  change  in  acid  con¬ 
centration.  The  total  electrolyte  concentration  in  this  case  coincides 
with  the  hydrogen  ion  concentration,  i.e.,  a  =  [H+].  It  follows  from 
Eq.  (223)  in  agreement  with  experiment  that  in  solutions  of  pure  acids 
the  overvoltage  is  independent  of  the  acid  concentration.  This  result 
is  a  consequence  of  the  opposite  effect  of  two  factors:  on  the  one 
hand,  the  increase  in  the  hydrogen  ion  concentration  lowers  the  over¬ 
voltage  and,  on  the  other,  an  increase  in  the  total  concentration  caus¬ 
es  a  compression  of  the  double  layer  and  an  increase  in  overvoltage.  As 
a  result  of  the  compensation  of  the  influence  of  these  two  factors,  the 
overvoltage  remains  constant. 

In  this  case  it  is  also  possible  to  explain  clearly  the  physical 
meaning  of  the  relation  thus  obtained.  As  follows  readily  from  a  com¬ 
parison  of  Eqs.  (215a)  and  (222),  taking  into  account  that  c  *  [H+], 
the  surface  concentration  of  the  hydrogen  ion  in  pure  solutions  of 
strong  acids  does  not  change  but  remains  constant  during  changes  of  the 
volume  concentration  of  the  acid  within  a  fairly  broad  interval.  A  more 
accurate  consideration  of  the  problem  leads  to  the  conclusion  that  this 
constancy  is  strictly  fulfilled  if  the  comparison  of  solutions  of  dif¬ 
ferent  concentration  is  carried  out  at  constant  overvoltage.  The  above- 
indicated  consequence  from  the  theory  of  the  structure  of  the  double 
layer  also  accounts  for  the  independence  of  the  overvoltage  on  the  acid 
concentration. 

The  conclusions  presented  in  the  foregoing  are  well  supported  by 
numerous  experimental  data.  Let  us  take  as  an  example  the  data  on  the 
measurement  of  the  hydrogen  separation  overvoltage  in  HC1  +  KC1  solu¬ 
tions  at  the  mercury  cathode,  given  in  §5.  If  the  constants  a  and  a  are 
found  on  the  basis  of  the  overvoltage  in  some  other  solution,  one  can 
calculate  the  overvoltage  as  a  function  of  the  current  density  in  other 
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solutions  by  means  of  Eq.  (221)  without  introducing  any  new  quantities. 
Such  a  calculation  has  been  carried  out  [25,  26]  choosing  as  initial 
curve  the  overvoltage  curve  in  0.1  N  HC1  which  obeys  the  equation 

r(=  1,460-ft}*,  — (22l|) 

or,  in  other  words,  a  *  l.*460  and  a  *  0.5.  The  results  of  this  calcula¬ 
tion  are  reflected  in  Fig.  76,  whe^e  the  thick  line  indicates  the  cal¬ 
culated  overvoltage  at  constant  current  density  as  a  function  of  the 
logarithm  of  the  concentration  of  the  foreign  electrolyte  for  solutions 

—•3 

containing  10  J  N  HC1  in  presence  of  different  quantities  of  KC1;  the 
points  correspond  to  the  experimental  data.  As  is  evident  from  this  di¬ 
agram,  the  experimental  and  calculated  values  of  the  overvoltage  are  in 
good  agreement. 

The  conclusion  as  to  the  independence  of  the  overvoltage  in  pure 
solutions  of  strong  acids  of  the  acid  concentration  holds  good  only  as 
long  as  the  dependence  of  on  the  concentration  of  the  solution  obeys 
Eq.  (222).  In  fairly  concentrated  solutions  and  at  negative  surface 
charges  there  occurs  a  specific  adsorption  of  the  anion  which  results 
in  an  increase  in  the  negative  value  of  with  increase  in  concentra¬ 
tion  and,  according  to  Eq.  (221),  to  a  lowering  of  the  overvoltage  [7]. 

Alkaline  solutions.  During  the  discussion  of  the  experimental  data 
in  §5  it  was  pointed  out  that  the  kinetic  laws  of  the  process  of  hydro¬ 
gen  separation  in  alkaline  solutions  differ  from  the  laws  observed  to 
apply  in  acid  solutions.  Hence  it  is  natural  to  assume  that  the  reac¬ 
tion  mechanism  in  the  alkaline  medium  is  different  from  the  mechanism 
described  in  the  foregoing. 

Indeed,  if  the  above-described  laws  applied  also  to  the  high  pH 
range,  the  overvoltage  should  increase  when  we  go  from  normal  acid 
(pH  *  0)  t  >  normal  caustic  (pH  «  1*0  in  consequence  of  the  decrease  in 
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the  hydrogen  ion  concentration  by  *  58  mv  =  0.8l  v.  However,  such  a 
strong  shift  of  the  cathode  potential  to  the  negative  side  makes  the 
occurrence  of  other  electrode  reactions  at  the  electrode  surface  possi¬ 
ble. 

One  of  the  reactions  which  is  made  possible  under  these  conditions 
is  the  reaction  of  hydrogen  separation  through  the  combination  of  elec¬ 
tron  with  a  water  molecule 

H,0  +  e— *OH-+HiflC.  (B) 

This  reaction  is  energetically  much  less  advantageous  than  the  re¬ 
action  of  discharge  of  the  hydroxonium  ions  but  when  we  go  over  to  al¬ 
kaline  solutions  in  which  the  concentration  of  the  latter  is  extremely 
low,  it  begins  to  play  a  predominating  role  in  the  total  process  of 
cathodic  hydrogen  separation. 

According  to  the  theory  of  the  delayed  discharge,  the  rate  of  re¬ 
action  (B)  is  determined  by  the  equation 

i  -  *  (H,0]  (225) 

which  is  reminiscent  of  Eq .  (217a)  for  the  discharge  of  hydrogen  ions. 
The  basic  difference  in  the  kinetics  of  these  two  processes  consists  in 
the  fact  that  in  one  of  them  participates  the  positively  charged  h  dro- 
gen  ion  and  in  the  other  the  neutral  water  molecule,  whose  surface  con¬ 
centration  is  independent  of  the  electrode  potential  or  of  the  po¬ 
tential;  with  the  exception  of  very  strong  solutions,  it  is  also  almost 
independent  of  the  composition  of  the  solution. 

We  can  derive  from  Eq.  (225)  an  equation  for  the  electrode  poten¬ 
tial 

f  a'  In /.  (226) 

In  alkaline  solutions  it  is  more  convenient  to  express  the  poten¬ 
tial  of  the  equilibrium  hydrogen  electrode  not  as  a  function  of  the  hy- 
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In  [OH’] . 

The  expression  for  the  overvoltage  of  hydrogen  separation  In  alka¬ 
line  solutions  consequently  assumes  the  form 

i)  =  a  —  In  [OH*} -f  In /.  (227) 

It  follows  from  Eqs.  (226)  and  (227)  that  with  increase  In  the 
caustic  concentration  or  the  pH  of  the  solution  at  constant  value  of 
the  potential  (i.e.,  constant  total  electrolyte  concentration)  the 
cathodic  potential  does  not  change  but  the  overvoltage  decreases  in 
consequence  of  the  shift  of  the  equilibrium  potential  to  the  negative 
side.  The  independence  of  the  cathode  potential  of  the  pH  is  a  conse¬ 
quence  of  the  fact  that  in  alkaline  solutions  during  the  delayed  stage 
of  the  electrochemical  process  neither  hydrogen  ions  nor  hydroxyl  ions 
participate  as  reacting  substances. 

The  not  very  numerous  experimental  data  support  this  conclusion. 

As  is  evident  from  Fig.  75,  the  overvoltage  in  acid  solutions  at  the 
mercury  electrode  at  constant  total  electrolyte  concentration  increases 
with  increase  in  the  pH.  In  neutral  solutions  the  overvoltage  attains 
a  maximum  and  with  further  Increase  in  pH  it  decreases  again.  Approxi¬ 
mately  the  same  dependence  is  also  observed,  as  S.D.  Levina  and  P.D. 
Lukovtsev  [13]  showed,  within  a  certain  caustic  concentration  on  the 
nickel  electrode.  This  may  serve  as  an  indication  of  the  correctness  of 
the  assumption  which  we  made  thrt  the  hydrogen  separation  in  alkaline 
solutions  takes  place  from  the  water  molecule. 

In  solutions  of  pure  caustic  which  does  not  contain  foreign  salts, 
the  value  of  varies  with  the  caustic  concentration  in  accordance 
with  the  equation  <p^  «  B  +  —  In  [OH  ],  which  is  analogous  to  Eq.  (222). 
It  follows  from  this  that  with  increase  in  pH  by  unity  the  overvoltage 
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should  Increase  not  by  58  but  by  116  mv.  This  conclusion  is  also  con¬ 
firmed  by  the  experimental  data  for  the  mercury  electrode  [8].  It  must 
be  pointed  out,  however,  that  for  certain  electrodes,  for  example, 
platinum,  the  dependence  of  the  overvoltage  on  the  caustic  concentra¬ 
tion,  following  from  Eq.  (227)  is  not  observed  in  alkaline  solutions 
although  on  the  basis  of  other  data  it  must  be  assumed  that  even  in 
this  base  the  stage  which  determines  the  discharge  kinetics  as  a  whole 
is  the  discharge  stage. 

In  connection  with  the  problem  of  the  dependence  of  the  overvolt¬ 
age  on  the  acidity  or  alkalinity  of  the  solution,  we  must  mention  the 
hydrogen  overvoltage  theory  of  Eyring,  Glasstone  and  their  co-workers 
[5^]  which  has  received  wide  currency  in  the  American  and  British  lit¬ 
erature.  Accepting  the  delay  of  the  discharge  stage,  these  authors  ap¬ 
plied  the  kinetic  theory  of  the  transitory  state  [55]  to  the  calcula¬ 
tion  of  the  rate  of  the  discharge  reaction.  Attempting  to  explain  the 
incorrect  data  of  Bowden  on  the  independence  of  the  overvoltage  of  the 
pH  in  buffer  solutions,  they  proposed  that  not  the  H^0+  ions  but  the 
water  molecules  are  subject  to  discharge  in  acid  solutions.  This  con- 
elusion  is  erroneous,  however  [56],  because  the  proposition  concerning 
the  discharge  of  the  water  molecule,  as  we  have  shown  in  the  foregoing, 
leads  to  an  independence  of  the  electrode  potential  and  not  the  over¬ 
voltage  on  the  pH  of  the  solution  (see  Eqs.  (226)  and  (227)).  This  the¬ 
ory  was  subsequently  modified  several  times.  Thus,  with  the  aim  of 
eliminating  this  error,  the  concept  of  a  division  of  the  potential  jump 
into  two  parts,  one  of  which  determines  the  surface  concentration  of 
the  hydrogen  ions  and  the  other  the  activation  energy  of  the  discharge, 
was  introduced.  Later,  in  connection  with  the  appearance  of  more  accu¬ 
rate  experimental  data  on  the  dependence  of  the  overvoltage  on  pH,  the 
assumption  of  a  separation  of  hydrogen  from  water  molecules  was  re- 
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placed  by  the  assumption  of  the  discharge  of  H^0+  ions  in  acid  solU' 
tions  [57].  Thus,  this  theory  was  gradually  transformed  and  was  finallv 

V  > 

converted  mainly  into  a  reproduction  of  the  physical  pattern  and  the 
equations  of  the  theory  of  delayed  discharge,  formed  much  earlier  by 
the  Soviet  electrochemists,  differing  from  the  latter  only  by  the  arbi¬ 
trariness  of  the  assumptions  concerning  the  structure  of  the  double 
electric  layer,  which  the  American  authors  make. 

Solutions,  containing  surface-active  ions  and  molecules.  With  due 
regard  for  the  structure  of  the  surface  layer  the  theory  of  the  delayed 
discharge  enables  the  influence  of  the  surface-active  ions  or  molecules 
on  the  hydrogen  overvoltage  to  be  elucidated. 

The  specific  adsorption  of  ions  causes  important  changes  in  the 
structure  of  the  double  electric  layer  at  the  electrode  surface  and 
thus  a  change  in  the  ^  potential. 

The  surface-active  ions  are  adsorbed  in  the  layer  of  solutior 
which  is  directly  adjacent  to  the  electrode  surface;  hence  the  po¬ 
tential  is  shifted  to  the  positive  side  if  they  are  charged  positively 
or  to  the  negative  if  they  are  negatively  charged.  In  some  cases  can 
change  sign  (surface  charge  reversal,  see  Introduction). 

A  shift  of  the  potential  to  the  negative  side  causes  an  increase 
in  the  surface  concentration  of  hydrogen  ions  and,  according  to  Eq. 

(217a),  an  increase  in  current  density.  It  follows  from  this  that  the 
hydrogen  overvoltage  in  acid  solutions  should  decrease  if  surface-ac¬ 
tive  anions  are  adsorbed.  The  adsorption  of  surface-active  cations, 
conversely,  increases  the  overvoltage  (Ea.  221)  [30]. 

These  conclusions  from  theory  correspond  with  the  experimental 
results  given  in  §5*  The  variation  of  the  potential  through  adsorp- 
tion  of  surface-active  substances  in  solutions  of  different  composition  4> 
can  be  determined  by  electrocapillarity  measurements  on  the  basis  of 
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the  shift  of  the  zero  charge  point  potential.  Comparison  of  these  data 
with  the  variation  of  the  hydrogen  overvoltage  shows  that  the  latter, 
at  least  qualitatively,  corresponds  to  the  variation  of  the  ^  poten¬ 
tial.  The  absence  of  completely  quantitative  agreement  is  partly  ex¬ 
plained  by  the  fact  that  the  overvoltage  measurements  and  the  measure¬ 
ments  of  the  maximum  of  the  electrocapillarity  curve  are  usually  car¬ 
ried  out  in  different  ranges  of  the  electrode  potential.  It  should  also 
be  pointed  out  that  the  absolute  values  of  the  potential  in  presence 
of  surface-active  anions  are  quite  considerable,  attaining,  for  exam¬ 
ple,  0.3  v.  Under  these  conditions  the  surface  concentrations  calculat¬ 
ed  by  means  of  the  Boltzmann  equation  (215a)  can  exceed  by  far  the  lim¬ 
its  of  applicability  of  the  laws  of  dilute  solutions  and  it  is  essen¬ 
tial  to  introduce  instead  of  the  concentrations  the  activities  into 
this  equation  which  causes  a  certain  complication  of  the  theory  but 
does  not  change  the  qualitative  picture. 

The  adsorption  of  ions  and  the  variation  of  the  ^  potential  and 
the  overvoltage  caused  by  it  depend  on  the  electrode  potential.  In  the 
case  of  the  adsorption  of  anions  one  would  expect  the  appearance  of  two 
branches  on  the  overvoltage  curve  as  shown  in  Figs.  70  and  80.  The  low¬ 
er  branch  is  observed  in  the  range  of  anion  adsorption,  causing  the 
appearance  of  large  negative  values  of  If  the  current  density  is 
increased  and  the  electrode  potential  is  shifted  to  the  negative  side, 
a  desorption  of  the  anions  takes  place,  ^  increases  and  the  quantity 
n  assumes  its  normal  value.  If  the  specific  adsorption  is  only  moder¬ 
ate,  a  sudden  variation  of  the  ion  adsorption  takes  place  near  the  zero 
charge  potential.  Indeed,  as  Ya.M.  Kolotyrkin  [6]  found,  two  branches 
are  observed,  as  a  rule,  on  the  hydrogen  overvoltage  curve  near  the  ze¬ 
ro  charge  point  for  metals  such  as  lead,  cadmium  and  thallium,  whose 
zero  points  are  situated  in  the  range  of  strongly  negative  potentials 
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(see  Introduction,  Table  1).  In  concentrated  acid  solutions  the  desorp¬ 
tion  of  the  anions  from  the  surface  of  the  mercury  electrode  takes 
place  gradually  with  increase  in  the  negative  potential,  and  instead  of 
two  branches  an  increase  in  the  slope  of  the  overvoltage  curve  is  ob¬ 
served  in  some  cases  (Fig.  77). 

The  difference  to  be  expected  in  the  adsorption  of  surface-active 
ions  in  acid  and  alkaline  solutions  is  of  interest.  This  difference  is 
due  to  the  circumstance  that  the  quantity  ^  enters  into  the  overvolt¬ 
age  equations  for  acid  and  alkaline  solutions  with  a  different  sign 
(Eqs.  (221)  and  (227)).  If  the  adsorption  of  surface-active  cations  in 
acid  solutions  increases  the  overvoltage,  one  would  expect  a  decrease 
in  the  overvoltage  in  alkaline  solutions  through  the  adsorption  of 
these  same  cations.  This  conclusion,  predicted  by  theory,  could  really 
be  confirmed  by  experimental  observation  [8]. 

As  the  experiment  shows,  an  increase  In  overvoltage  occurs  in  the 
case  of  adsorption  of  the  simpler  organic  molecules,  such  as,  for  exam¬ 
ple,  alcohols  or  acids  of  the  aliphatic  series  [6l,  29].  This  may  be 
due  to  the  fact  that  the  access  of  the  hydrated  proton  to  the  electrode 
surface  is  made  more  difficult  by  the  layer  of  adsorbed  molecules  and 
to  the  weakening  of  the  effect  of  the  electric  field  on  the  activation 
energy  of  discharge  in  consequence  of  the  increased  thickness  of  the 
double  layer.  In  fact  the  adsorbed  organic  molecules,  as  is  evident 
from  the  lowering  of  the  electrode  capacitance,  dislodges  the  ions  of 
the  double  layer  from  the  electrode  surface  which  must  impede  the  dis¬ 
charge  process.  The  increase  in  overvoltage  through  the  adsorption  of 
large  organic  cations  is  also  connected  not  only  with  the  increase  in 
the  <1^  potential  but  also  with  the  shielding  of  the  electrode  surface. 

When  the  potentials  at  which  desorption  of  the  adsorbed  organic 
molecules  begins  are  reached,  the  effect  of  increasing  the  overvoltage 
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naturally  disappears. 

When  considering  the  problem  of  the  influence  of  surface-active 
organic  substances  on  the  overvoltage  we  should  not  forget,  however, 
that  the  above-explained  simple  theory  cannot  describe  the  inf?^uence  of 
all  factors  on  the  kinetics  of  the  electrochemical  process  of  hydrogen 
separation.  When  a  complex  molecule  is  adsorbed  its  interaction  with 
the  discharged  ion  cannot  be  reduced  merely  to  an  alteration  of  the 
electrical  energy  of  the  ion  in  the  double  layer. 

Thus,  in  cases  where  a  cation  which  can  solit  off  a  hydrogen  ion, 
i.e.,  which  has  the  composition  BH+,  where  B  is  the  molecule  of  a  weak 
base,  is  adsorbed,  the  possibility  of  a  new  mechanism  of  the  discharge 
of  the  hydrogen  ion  is  given:  BH+  +  e  ■*  Hads,  B  +  H+  -*•  BH+,  which  can 
lead  to  a  lowering  of  the  overvoltage.  This  probably  accounts  for  the 
catalytic  acceleration  of  the  cathodic  hydrogen  separation  observed  in 
presence  of  various  organic  compounds.  The  NH^  cations  can  also  serve 
as  proton  donors;  because,  however,  the  latter  are  not  specifically  ad¬ 
sorbed,  their  effect  is  manifested  only  at  relatively  high  concentra¬ 
tions  . 

§12.  DELAYED  DISCHARGE  IN  CASES  OF  SIGNIFICANT  FILLING  OF  THE  SURFACE 

The  conclusions  from  theory  of  delayed  discharge  presented  in  the 
foregoing  are  correct  only  for  electrodes  which  adsorb  atomic  hydrogen 
only  slightly.  If  the  filling  of  the  surface  is  fairly  considerable, 
new  factors  come  into  play  which  affect  the  kinetic  laws  of  the  elec¬ 
trochemical  reaction. 

The  reaction  of  discharge  of  the  hydrogen  ion  with  formation  of  an 
adsorbed  hydrogen  atom 

H*  +  e— •Tl.w 

proceeds  only  at  the  free  sites  of  the  electrode  surface.  If  the  sur- 
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face  is  homogeneous,  the  rate  of  this  reaction  is  proportional  to  the 
free  electrode  area.  If  we  designate  the  filling  of  the  surface  with 
atomic  hydrogen  by  0  (e  is  the  ratio  of  the  number  of  occupied  sites  to 
the  total  number  of  sites  on  the  electrode  surface)  and  the  proportion 
of  free  sites  by  (1  —  0),  we  find  for  the  discharge  rate  the  expression 

i  -  *,  (1  -  0)  (IP]  (  228 ) 

instead  of  Eq.  (217a)  which  applies  if  the  filling  is  very  slight  (e  -*■ 

-  0). 

As  pointed  out  already  in  §8  of  the  present  chapter,  discharge  of 
ions  at  the  sites  occupied  by  adsorbed  hydrogen  atoms  is  also  possible 
in  addition  to  this  reaction  and  the  ionization  of  the  adsorbed  hydro¬ 
gen  atoms;  in  this  case  molecular  hydrogen  is  formed  directly  during 
the  discharge: 

H*  +  g  •+•  HaflC  — ♦  Hj.  ( B ) 

If  we  assume  that  the  reaction  (B)  requires  a  certain  activation 
energy,  which  depends  on  the  electrode  potential  in  the  same  way  as  the 
activation  energy  of  the  reaction  (G),  its  rate  can  be  expressed  by  the 
equation 

/  =  *,«  (H*J  <f  ( 229 ) 

This  equation  differs  from  Eq.  (217a)  by  the  presence  of  the  factor  0 
and  also  a  different  value  of  the  constant.  It  is  easy  to  show  that  if 
the  reactions  described  by  Eqs.  (228)  and  (229)  take  place  simultane¬ 
ously,  the  filling  of  the  surface  with  adsorbed  hydrogen  during  in¬ 
creasing  cathodic  polarization  should  tend  to  a  certain  limit.  This 
conclusion  holds  particularly  for  the  mercury  electrode,  for  which,  as 
indicated  previously  in  §8,  the  mechanism  of  removal  of  the  adsorbed 
hydrogen  via  the  reaction  (B)  and  not  via  combination  of  hydrogen  atoms 
to  molecules,  is  the  most  probable.  However,  the  limit  concentration  of 
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the  .•  isorbed  hydrogen  on  the  electrode  surface  in  this  case  is  so  small 
that  it  cannot  be  measured  with  the  existing  experimental  methods:  the 
small  value  of  this  concentration  is  explained  by  the  fact  that  the  ac¬ 
tivation  energy  of  the  reaction  (B)  is  considerably  smaller  than  the 
activation  energy  of  reaction  (G)  and,  consequently,  k?  >>  k^. 

The  application  of  the  theory  of  delayed  discharge  leads  to  an  in¬ 
teresting  conclusion  in  the  case  of  discharge  at  a  surface,  whose  fill¬ 
ing  with  adsorbed  hydrogen  varies  linearly  with  the  logarithm  of  the 
equilibrium  pressure.  If  it  is  assumed  that  the  removal  of  the  adsorbed 
hydrogen  takes  place  via  recombination,  the  total  overvoltage  on  the 
electrode  is  composed  additively  of  the  two  components  and  n2  of 
which  the  first  is  determined  by  the  delay  in  the  discharge  as  in  the 
case  of  discharge  on  an  unfilled  surface;  the  second  component  express¬ 
es  the  shift  of  the  equilibrium  potential  of  the  adsorbed  hydrogen  com¬ 
pared  with  the  reversible  hydrogen  potential  under  atmospheric  pressure 
in  the  same  solution.  These  conclusions  proved  to  be  quite  applicable 
to  the  process  of  hydrogen  separation  at  the  palladium  electrode.  In 
this  case,  owing  to  the  high  solubility  and  mobility  of  the  hydrogen  in 
the  metal,  the  equilibrium  potential  of  the  adsorbed  hydrogen  at  dif¬ 
ferent  degrees  of  saturation  of  the  metal  with  hydrogen  can  be  deter¬ 
mined  by  deferent  methods,  for  example,  by  direct  measurement  on  the 
diffusion  side  of  an  electrode  of  palladium  foil  (see  §7).  As  experi¬ 
ment  shows,  the  overvoltage  on  palladium  ot served  under  different  con¬ 
ditions  can  really  be  expressed  as  the  sum  of  two  components,  of  which 
one  depends  only  on  the  current  density  and  composition  of  the  solution 
and  the  other  on  the  concentration  of  the  hydrogen  dissolved  in  the 
metal  [15]. 

The  shift  of  the  equilibrium  potential  of  the  adsorbed  hydrogen 
compared  with  the  reversible  hydrogen  potential  under  atmospheric  pres- 


sure  In  the  sane  solution,  generally  speaking,  may  be  connected  with  a 
delay  in  the  recombination  or  a  delay  in  the  diffusion  of  the  molecular 
hydrogen  thus  formed  in  the  solution.  Experiments  show  that  in  the  case 
of  palladium  and  platinum  electrodes  with  an  active  nonpoisoned  surface 
the  delay  In  the  diffusion  stage  is  of  primary  importance;  in  this  case 
the  part  of  the  overvoltage  nj  reflects  the  concentration  polarization 
due  to  the  dissolved  molecular  hydrogen  and  can  be  expressed  by  Eq . 
(178). 

If  we  deduct  from  the  total  overvoltage  the  component  n^,  calcu¬ 
lated  in  accordance  with  the  last  equation,  the  remaining  part  of  the 
overvoltage  satisfies  the  relations  obtained  from  the  theorv  of  the 
delayed  discharge.  Thus,  for  the  platinum  electrode  in  alkaline  solu¬ 
tion,  according  to  the  experiments  of  P.I.  Dolin  and  B.V.  Ershler,  the 
following  relation  obtains  for  the  current  density  and  the  quantity  n1 

i-0,6.  10"*  [e0,,|»r/nT_e-MilF/nrji  (210a) 

which  coincides  with  the  general  equation  of  the  theory  of  the  delayed 
discharge  (210),  If  we  assume  i  -  0.6*10  J  and  n  =  0.6.  The  relation 
(210a)  can  be  applied  not  only  for  cathodic  but  also  for  anodic  polari¬ 
zation  over  the  entire  range  of  current  densities  accessible  to  meas¬ 
urement  . 

When  calculating  the  correction  for  the  concentration  polarization 
due  to  molecular  hydrogen  in  the  case  of  the  anodic  process,  we  must 
evidently  use  the  following  equation  Instead  of  Eq .  (178) 

.  (178a) 

because  the  electrochemical  process  in  this  case  does  not  cause  an  en¬ 
richment  but  an  impoverishment  of  the  solution  with  molecular  hydrogen. 

A  dependence  on  the  composition  of  the  solution  is  typical  for  the  part 
of  the  overvoltage  at  the  platinum  and  palladium  electrode  which  is 


connected  with  the  delay  in  the  discharge  state.  Thus,  the  quantity 
is  considerably  greater  in  alkaline  solutions  than  in  acid,  and  in  acid 
solutions  in  presence  of  an  excess  of  indifferent  electrolyte  it  in¬ 
creases  with  decrease  in  the  acid  concentration. 

As  has  been  shown  earlier,  it  is  sufficient  for  the  explanation  of 
the  phenomena,  observed  during  the  separation  of  hydrogen  at  cathodes 
with  large  overvoltage  and  small  adsorption  energy  of  atomic  hydrogen, 
whose  surface  is  practically  free  of  adsorbed  hydrogen,  to  take  into 
account  the  delay  in  the  discharge  stage.  When  going  over  to  cathodes 
with  larger  adsorption  energies,  the  reaction  rate  of  the  discharge  in¬ 
creases  and  becomes  comparable  with  the  rate  of  other  stages  of  the 
process.  In  these  cases  several  successive  and  sometimes  also  parallel 
stages  proceeding  at  comparable  rates  must  be  taken  into  account  for 
the  interpretation  of  the  total  sum  of  the  experimental  data.  This  re¬ 
sults  In  considerable  complication  of  the  pattern  of  the  process  and 
makes  the  conclusions  more  ambiguous,  all  the  more  as  with  strong  fill¬ 
ing  of  the  surface,  as  explained  previously,  the  nature  of  the  rela¬ 
tionship  between  the  concentration  of  adsorbed  hydrogen  and  the  rate  of 
its  removal  may  vary  under  the  Influence  of  several  factors.  Finally, 
in  the  case  of  solid  electrodes  with  Inhomogeneous  surface  the  electro¬ 
chemical  reaction  can  proceed  in  accordance  with  different  mechanisms 
at  different  sites  on  the  electrode  surface.  As  an  example  we  can  point 
to  the  platinum  electrode  In  alkaline  solutions.  It  was  shown  in  the 
foregoing  that  in  alkaline  solutions  the  overvoltage  during  hydrogen 
separation  on  an  activated  platinum  electrode,  after  correction  for  the 
concentration  polarization  caused  by  the  molecular  hydrogen  formed  in 
the  process,  obeys  the  laws  which  follow  from  the  theory  of  the  delayed 
discharge.  It  follows  from  this  that  the  rate  of  formation  of  molecular 
hydrogen  should  coincide  with  the  rate  of  transformation  of  the  hydro- 
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gen  Ion  to  an  adsorbed  hydrogen  ion  or  of  a  water  molecule  to  an  ad¬ 
sorbed  atom  and  the  OH-  ion.  The  rate  of  the  discharge  process  in  the 
case  of  the  platinum  electrode  can  be  measured  by  an  Independent  method 
(see  page  1 6 3 )  which  opers  up  a  possibility  for  verifying  this  conclu¬ 
sion.  It  is  found  that  in  1  M  HCi  solution  the  rate  of  separation  of 
hydrogen  really  coincides  with  the  rate  of  formation  of  adsorbed  atoms, 
but  in  alkaline  solutions  the  former  is  much  less  than  the  latter.  This 
contradiction  can  be  eliminated  only  by  assuming  that  on  some  part  of 
the  electrode  surface  the  rate  of  separation  of  molecular  hydrogen  is 
limited  by  the  rate  of  recombination  of  the  adsorbed  atoms  to  such  a 
degree  that  these  parts  of  the  surface  are  practically  not  used  for  the 
separation  of  molecular  hydrogen,  while  the  deposition  of  the  adsorbed 
atoms  on  them  may  take  place  at  a  fairly  high  rate.  This  is  then  the 
cause  of  the  difference  in  the  rates  of  the  two  processes.  Conversely, 
at  the  active  parts  the  removal  is  unimpeded  and  the  kinetics  of  the 
process  as  a  whole  are  determined  by  the  discharge  stage. 

The  measurement  of  the  decrease  in  the  overvoltage  with  time  fol¬ 
lowing  the  switching  off  of  the  current  and  the  observations  on  the 
penetration  of  hydrogen  during  electrolysis  Into  the  metal  lattice  lead 
us  to  the  conclusion  that  on  nickel  or  iron  electrodes  the  delay  of  the 
removal  stage  must  be  taken  into  account  in  additioi  to  the  delay  of 
the  discharge  stage.  This  conclusion  is  confirmed  by  observations  on 
the  influence  of  surface-active  substances  on  the  hydrogenation  of  iron 
during  the  evolution  of  hydrogen  on  3tr-  'arface  [31].  In  some  cases  the 
addition  of  surface-active  substances  to  the  solution  causes  a  decrease 
in  the  quantity  of  hydrogen,  passing  into  the  metal  lattice  and  in  oth¬ 
ers  (for  example,  S-naphtoquinoline )  it  Is  increased,  while  the  over¬ 
voltage  Increases  in  all  these  cases.  This  difference  In  the  behavior 
of  different  adsorbed  substances  can  be  explained  by  assuming  that  the 


increase  in  the  overvoltage  in  the  first  case  is  due  to  a  slowing  down 
of  the  discharge  and  in  the  second  case  to  a  slowing  down  of  the  hydro¬ 
gen  removal.  The  delay  in  the  removal  of  the  adsorbed  hydrogen  causes 
an  increase  in  its  concentration  at  the  surface  and  intensifies  its 
penetration  into  the  depth  of  the  metal.* 

As  follows  from  §§  7  and  10,  the  product  of  the  exchange  current 
at  the  equilibrium  potential  t°  and  the  "polarizability"  d  of  the  elec¬ 
trode  which  is  equal  to  the  ratio  of  the  overvoltage  n  and  the  current 
density  i  at  small  values  of  n  can  serve  as  a  criterion  for  the  deter¬ 
mination  of  the  mechanism  of  the  hydrogen  separation  reaction.  Whereas 
in  the  case  of  a  delayed  recombination,  according  to  Eq.  (167a),  the 
quantity  should  be  equal  to  RT/2F ,  in  the  case  of  a  delayed  dis¬ 
charge  ui'  ~  RT/F.  Because  metallic  nickel  does  not  dissolve  spontane¬ 
ously  in  alkaline  solutions,  and  the  overvoltage  in  this  case  is  not 
excessive,  the  range  of  small  overvoltages  can  be  successfully  investi¬ 
gated  on  nickel  in  alkaline  solutions  and  the  quantity  can  be  de¬ 
termined  (see  §  3)  with  sufficient  accuracy.  It  is  found  that  depending 
on  the  composition  of  the  solution  this  quantity  varies  within  the  lim¬ 
its  of  15  to  27  mv,  which  indicates  a  variation  of  the  nature  of  the 
slow  stage.  In  order  to  explain  all  the  results  obtained  in  experiments 
with  nickel  in  alkaline  solutions  it  may  be  assumed  that,  as  in  the 

case  of  the  platinum  electrode  in  alkaline  solutions,  the  ratio  of  the 

rates  at  different  parts  of  the  electrode  is  different.  On  the  nickel 
surface  there  are  sites  for  which  the  slower  stage  is  the  discharge 

stage  and  also  sites  on  which  the  rate  of  the  process  is  determined  by 

the  rate  of  recombination,  and  the  exchange  of  adsorbed  hydrogen  be¬ 
tween  the  different  sites  is  also  a  slow  process**  [32]. 

As  is  evident  from  the  above-stated,  the  pattern  according  to 
which  tl e  process  of  separation  of  molecular  hydrogen  proc°^ds  in  the 


case  of  electrodes  with  lew  overvoltage,  proves  to  h^  much  more  complex 
than  in  the  case  of  electrodes  with  high  overvoltage  where  the  single 
assumption  of  a  delay  of  the  discharge  stage  was  sufficient  to  account 
for  the  totality  of  experimental  data.  However,  it  may  be  taken  as 
proved  th  it  in  the  case  of  electrodes  with  low  overvoltage,  in  addition 
to  the  delay  of  the  discharge  stage,  a  delay  of  the  stage  of  removal  of 
molecular  hydrogen  must  be  assumed. 

It  is  possible  that  there  are  cathodes  for  which  rhe  recombination 
stage  is  so  slow  over  :he  entire  electrode  surface  that  it  alone  deter¬ 
mines  the  kinetics  of  the  process  of  hydrogen  separation  as  a  whole: 
however,  this  assumption  has  not  yet  been  experimentally  confirmed. 

It  follows  from  the  above-stated  that  the  supposed  antithesis 
found  in  some  works  of  the  views  concerning  the  delay  of  the  discharge 
state  and  the  delay  of  other  (chemical  or  diffusion)  stages,  as  mutual¬ 
ly  exclusive,  Is  incorrect.  Depending  on  the  electrode  material  and  the 
experimental  conditions  one  or  other  of  these  factors  can  influence  the 
kinetics  of  the  process.  This  comment  applies  not  only  to  the  reaction 
of  hydrogen  separation  but  also  to  other  electrochemical  reactions  in 
which  in  some  cases  the  electrochemical  discharge  or  ionization  stage 
and  in  others  the  chemical  stages  are  delayed. 
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[Footnotes] 


In  some  cases  it  is  necessary,  however,  to  take  into  account 
the  slowness  of  the  adsorption  stage  which  precedes  the  elec¬ 
trochemical  reaction  proper.  Further  on  we  shall  examine  such 
examples . 

We  remember  that  when  comparing  the  data  of  polarization 
measurements  on  electrodes  of  any  arbitrary  dimension  it  is 
more  convenient  to  consider  not  the  current  intensity  but  the 
current  density  (i.e.,  the  relation  of  current  intensity  to 
electrode  surface).  The  true  surface  of  a  solid  electrode, 
however,  nearly  always  exceeds  the  visible,  geometrical  sur¬ 
face.  For  example,  for  a  metal  with  normal  smooth  surface  the 
true  surface  is  2-3  times  greater  than  the  visible  surface. 
Because  of  this  the  ratio  is  usually  not  known  with  suffi- 


cient  accuracy,  the  current  density  in  most  works  is  related 
to  the  unit  of  visible  metil  surface.  In  the  case  of  plati¬ 
nized  platinum  and  other  electrodes  which  are  coated  with  a 
layer  of  disperse  metal,  the  true  surface  is  many  times 
greater  than  the  visible  surface  and  the  true  current  density 
is  that  many  times  less  than  the  conventional  density,  calcu¬ 
lated  for  the  visible  surface.  Hence  the  overvoltage  on  such 
electrodes  at  normal  current  densities  is  also  greatly  re¬ 
duced  . 

207  The  values  a  and  l  for  many  technical  metals  have  been  meas¬ 
ured  by  A .  G .  Pecherskaya  and  V.V.  Stender  [5]. 

208  The  results  of  the  comparison  of  the  heats  of  melting  and 
evaporation  and  also  of  the  work  function  of  the  electron 
with  the  values  for  a  for  several  metals  are  given  by  N.I. 
Kobozev  [60]  . 

225  In  the  following  sections  in  which  the  experimental  data 

mainly  for  the  cathodic  reaction  of  hydrogen  separation  will 
be  considered  (and  not  of  the  anodic  reaction  of  the  ioniza¬ 
tion  of  hydrogen)  we  shall  omit  ir.  the  places  wiere  this  can¬ 
not  cause  any  misunderstanding,  the  subscript  K  in  the  ex¬ 
pressions  for  the  cathodic  overvoltage  for  the  constants 

and  by  and  for  the  cathodic  current  iy  (i  without  sub¬ 
script  with  negative  sign  will  correspond  in  this  case  to  the 

anode  current). 

232  The  surface  concentration  of  the  ions  [H  ]  which  varies  in 

consequence  of  the  passage  of  current,  as  already  pointed  out 
in  SI  of  Chapter  1,  must  not  be  confused  with  the  concentra¬ 
tion  of  the  hydrogen  ions,  adsorbed  V  the  double  layer, 
which  we  shall  designate  by  [H+]  . 

23*J  We  must  also  point  out  that  in  the  case  of  an  irreversible 

electrochemical  reaction  Eq .  (155),  strictly  speaking,  cannot 
be  applied  to  the  drop  electrode.  Indeed,  Eq.  (153)  from 
which  Ea .  (155)  is  derived,  is  correct  only  if  the  Quantity 

[H+]s  is  constant  in  time.  At  constant  [H+]'  ,  according  to 
Eq.  (151),  the  density  of  the  discharge  current  i  should  also 
be  constant.  Instead,  as  has  been  shown  in  Chapter  2,  the 
density  of  the  diffusion  current  towards  the  drop  surface  de¬ 
creases  in  proportion  to  t~]  2,  where  t  is  the  time  elaDsed 
since  the  moment  of  the  beginning  of  its  increase . +Thus  the 
condition  of  a  constancy  of  th^  concentration  of  H  at  the 
drop  surface  cannot  be  met  in  •  case  of  an  irreversible 
electrode  process,  if  the  growth  of  the  drop  takes  place  at 
constant  potential,  while  it  is  automatically  fulfilled  if 
the  polarization  is  of  a  purely  concentration  nature.  It  can 
be  shown,  however,  that  th10  error  which  results  from  the  use 
of  Eq.  (155)  for  th?  process  of  hydrogen  separation  at  the 
drop  electrode  is  not  very  large  if  i  and  i,  stand  for  the 

mean  current  density  and  limit  current  [28]. 
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Because  the  hvdrogen  ion  concentration  was  2  eq/liter,  a  po¬ 
tential  of  the  polarized  electrode  of  approximately  -1.00  v 
corresponds  to  an  overvoltage  of  1.02  v. 

Another  possible  decomposition  into  two  stages  for  the  reac¬ 
tion  of  H,  formation  will  be  described  further  on. 

Indeed  if  the  reaction  proceeds  in  one  direction  the  rates  of 
all  the  individual  subsequent  stages,  established  under  sta¬ 
tionary  conditions,  will  be  the  same. 

To  cause  the  appearance  of  dissolved  atomic  hydrogen  in  iron 
it  is  not  necessary  to  polarize  the  iron  by  an  external  cur¬ 
rent  source.  For  this  purpose  the  negative  potential  which  is 
spontaneously  established  during  the  action  of  acids  on  iron 
is  sufficient  (see  Chapter  8).  The  dissolved  hydrogen  is  the 
cause  of  the  "hydrogen  embrittlement"  of  the  metal  well  known 
in  engineering.  The  penetration  of  hydrogen  is  much  more  pro¬ 
nounced  with  normal  technical  iron  than  in  the  case  of  the 
perfectly  pure  metal.  Among  the  studies  which  deal  with  the 
problem  of  the  penetration  of  hydrogen  into  iron,  we  must 
make  special  mention  of  the  work  of  D.Alekseyev  and  co-work¬ 
ers  [59]. 


The  measurement  of  the  overvoltage  drop  may  be  regarded  as 
the  determination  of  the  capacitance  of  the  electrode  C  at 
potentials  at  which  separation  of  hydrogen  is  already  possi¬ 
ble.  Indeed,  after  opening  of  the  circuit  the  current  i  in 
the  external  circuit  becomes  zero.  The  discharge  of  hydrogen 
ions  at  the  electrode,  however,  continues  and  the  positive 
charges  of  the  discharged  ions  displace  the  cathode  potential 
to  the  anodic  side.  It  is  obvious  that  under  these  experi¬ 
mental  conditions  the  total  charging  current  corresponding  to 
the  potential  variation  at  a  certain  rate,  and  the  current  of 
the  hydrogen  ion  discharge  should  be  zero  and  consequently, 

(a) 

where  and  it  are,  respectively,  the  overvoltage  and 

the  discharge  current  at  the  time  t  elapsed  after  the . opening 
of  the  circuit.  Assuming  that  the  quantity  C  can  be  consid¬ 
ered  as  constant  and  assuming  in  Eq .  (a)  in  accordance  with 
(136), 


we  find  after  integration 

—ft  In  t 


(b) 

(O 


Because  at  t  =  0,  *  b  In  i^/k,  where  nQ  and  are  the 

overvoltage  and  current  density  prior  to  the  opening  of  the 
circuit,  the  integration  constant  in  Fq.  (c)  is 


const 


(d) 


and,  consequently, 
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(e) 


Equation  (d)  allows  us  to  determine  C  from  the  dependence  of 
n.  on  time.  In  the  case  of  the  mercury  electrode  we  obtain 

*  9 

values  of  C  of  about  18  microfarads/cm" ,  i.e.,  corresponding 
to  the  normal  double  layer  capacitance  in  the  case  of  a 
negatively  charged  electrode  surface  [33].  The  sam«  calcula¬ 
tion  method,  applied  to  elec trod  >  with  low  ov  rvoltage,  how¬ 
ever,  gives  higher  values  of  C  which  point  to  the  presence  of 
adsorbed  hydrogen. 

252  In  particular,  we  do  not  know  the  relations  between  the  ad¬ 
sorption  energy  end  the  quantltie:  typical  for  tie  electrode 
material  for  which  a  connection  with  the  constant  a  In  the 
Tafel  equation  has  teen  established  experimentally  which 
makes  the  theoretical  interpretation  of  the  regularities  de¬ 
scribed  in  §3  more  difficult. 

253  There  are  some  indications  relative  to  the  existence  of  such 
"limit  adsorption  currents”  .in  presence  of  a  passivating  film 
on  the  metal  surface. 


257 


258 

259 


Whilst  the  dipole  nature  of  the  bond  between  metal  and  ad¬ 
sorbed  hydrogen  can  also  be  taken  into  account  within  the 
framework  of  the  recombination  theory  to  yield  a  certain  re¬ 
lationship  between  overvoltage  and  composition  of  the  solu¬ 
tion,  these  effects  should  be  one  order  of  magnitude  smaller 
than  those  observed  experimentally. 

This  result  naturally  cannot  be  derived  from  Eq .  (170)  be¬ 
cause  the  latter  was  obtained  on  the  assumption  of  a  slight 
degree  of  filling. 


With  metals  with  small  overvoltage  and,  consequently,  large 
adsorption  energy  of  the  hydrogen  atoms  (see  Eq .  170)  the 
electrochemical  desorption  is  of  special  Importance  according 
to  this  theory.  If  the  energy  of  the  bond  between  the  metal 
and  the  hydrogen  atoms  Is  fairly  small  (for  example,  less 
than  10  kcal),  i.e.,  in  the  case  of  metals  with  large  over¬ 
voltage,  according  to  Kobozev  and  Nekrasov,  the  hydrogen  at¬ 
oms  should  predominantly  evaporate  into  the  solution.  The 
rate  of  this  last  process,  as  follows  from  the  kinetic  the¬ 
ory  of  evaporation,  is  expressed  by  the  equation 


^aMiirc 


v|nre 


”  *nc 
nr~ 


(a) 


where  v  Is  a  coefficient 
10n-101?  sec-1;  to  this 

I  ^3 

•mi  lire 


(fit--,,  ncy  factor) 
rate  corresponds  a 


_  u 

*g|H^«r  l<T 


of  the  order  of 
current 

(b) 


However,  as  calculations  have  shown,  carried  out  on  the  basis 
of  Eq.  (a),  the  rate  of  desorption  by  evaporation  at  practi¬ 
cally  attainable  overvoltages  is  negligibly  small  and  cannot 
have  a  marked  effect  on  the  over-all  kinetics  of  the  reaction 
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or  lead  to  the  appearance  of  observable  quantities  of  hydro¬ 
gen  atoms  in  the  solution. 

From  a  comparison  of  Eqs.  (170)  and  (b)  follows: 

RT  RT 

>)  =  const  In  ~  |„  /BM||CC  ,  (c) 

where  the  value  of  the  constant  is  the  same  as  in  Eq.  (170). 
The  latter  can  be  calculated  fr^r  4‘he  free  energy  of  dissoci¬ 
ation  of  the  hydrogen  molecule  into  atoms .  Having  found  the 
value  of  the  constant,  one  can  find  from  Eq .  (a)  the  quantity 
iemiSr  at  a  given  n.  This  calculation  gives  the  above-indi¬ 
cated  result  [HO]. 

As  is  evident  from  Eq .  (b),  if  the  desorption  mechanism  is 
purely  one  of  emission,  the  overvoltage  at  a  given  current 
density  should  be  Independent  of  the  adsorption  energy  and, 
consequently,  of  the  nature  of  the  metal,  and  the  coefficient 
h  should  equal  RT/F  which  does  not  agree  with  the  experimen¬ 
tal  data.  N.I.  Kobozev  [60],  starting  out  from  the  assumption 
of  the  presence  of  a  repulsion  Interaction  between  the  ad¬ 
sorbed  atoms ,  which  does  not  vanish  even  with  extremely 
slight  filling,  has  recently  derived  a  new,  more  complex  re¬ 
lation  between  the  overvoltage,  the  adsorption  energy  of  the 
hydrogen  atoms  and  the  evaporation  rate,  on  which  we  cannot 
dwell  here  in  greater  detail. 

In  §12  of  Chapter  1  it  as  shown  that  the  additional  capaci¬ 
tance,  observed  in  measurements  on  an  electrode  which  is  im¬ 
mersed  in  a  solution  of  potential-determining  ions,  also  de¬ 
creases  with  increase  In  the  freouency  in  the  case  of  pure 
concentration  polarization.  This  effect  is  connected  with  the 
slowness  of  the  diffusion  of  the  ions  while  the  effect  de¬ 
scribed  here  Is  connected  with  the  slowness  of  the  reaction 
itself.  In  the  experiments  described  here  the  hydrogen  ion 
concentration  in  the  solution  was  so  great  that  the  slowness 
of  the  diffusion  towards  the  electrode  at  the  frequencies 
used  could  not  yet  affect  the  magnitude  of  the  measured  ca¬ 
pacitance. 

For  an  explanation  of  the  theory  of  Broensted  see  A. I.  Shat- 
enshteyn.  Teoriya  klslot  i  osnovaniy.  Istoriya  i  sovremennoye 
sostoyaniye  [Theory  of  Acids  and  Bases.  History  and  Modern 
Position].  Goskhimizdat  [State  Publishing  House  for  Chemical 
Literature],  19^9. 

The  concepts  of  a  quantum-mechanical  nature,  on  which  we 
shall  not  dwell  here,  lead  to  the  conclusion  that  the  energy 
of  the  whole  system  consisting  of  metal  and  electron,  proton 
and  water  molecule,  near  the  point  C  is  somewhat  less  than 
would  follow  from  the  position  of  the  curves  aa  and  bb ,  taken 
separately  (the  dotted  part  of  the  curve  in  Fig.  8H,  omitted 
in  Figs.  85-87).  We  shall  not  take  into  account  either  the 
"zero"  energies  of  the  particles  owing  to  whose  existence 
the  true  energy  level  of  the  particles  is  higher  than  that 
which  follows  from  the  position  of  the  minima  on  the  poten- 


tial  curves.  It  should  be  pointed  out,  nowevcr,  that  if  we 
review  some  more  subtle  electrochemical  problems,  such  as, 
for  example,  thi  tl  eorle.  of  el  c  ’olytlc  separation  of  hy¬ 
drogen  isotopes,  the  zero  energies  play  an  important  part. 

So  long  as  we  consider  the  variations  o'-  the  quantities  E ^ 
and  and  not  their  absolut*  valuer,  the  value  of  the  poten¬ 
tial  at  whi ?h  we  cc n  Id<  'hot  =  can  be  chosen  arbitrari¬ 
ly  • 

The  above  conclusion  is  baseu  or  * h>  assumption  of  a  parallel 
displacement,  of  the  potential  curve  a  a  of  the  ion  during  the 
variation  of  the  potential  drop  and  does  not  take  into  ac¬ 
count  the  variations  of  the  potential  in  proportion  to  the 
approach  of  the  center  cf  >  rav.it, y  of  the  charge  of  the  Loti  to 
the  electrode  surface  within  the  field  of  the  double  layer. 
The  last  circumstance  also  uff  ',4  r  4  he  magnitude  of  the  coef¬ 
ficients  a  and  R .  Thu  ,  if  we  ">  -  ume  that  ti.e  double  electric 

layer  has  a  dens*  r.*-ruct  ire  a  1  t  ha  h-  point  of  intersec 

tion  of  the  curves  aa  and  hi  <  In  the  center  of  it,  then,  as 
is  easily  verified,  &  =  t>  0.  it.b  ve:  tical  position  of  the 

ascending  branch  of  the  curve  b  in  =  9  °)  while,  according 

to  Eqs.  (193)  and  (190)  in  this  care  a  should  have  been  0  and 
3  -  1. 

We  assume  initially  that  we  are  far  from  the  equilibrium  po¬ 
tential  and  shall  assume  that  the  cathodic  current  is 

equal  to  the  discharge  current  which  w  shall  designate  by  i, 
and  the  anodic  current  is  eoual  to  the  ionization  current 

l . 

N.I.  Kobczev  and  V.V.  Monblanovr  r  3]  connect  the  influence 
of  surface-active  substances  on  >  no  penetration  of  hydrogen 
with  a  lowering  of  the  energy  of  Hydrogen  a  .sorption  in  the 
presence  of  foreign  adsorbing  substances,.  The  lowering  of  the 
energy  of  adsorption,  according  to  the  theory  of  N.I.  Kobozev 
and  N.I.  Nekrasov,  results  in  an  increase  in  the  overvoltage 
a ’.d  facilitates  the  transition  of  the  hydrogen  atom  from  the 
surface  Into  the  depth  of  the  metal  lattice.  According  to 
this  scheme  the  addition  of  surface-active  substances  should 
in  all  cases  intensify  the  penetration  of  the  hydrogen  into 
the  metal  during  its  electrolytic  separation. 

The  behavior  of  the  nickel  hy am  el  -trode  in  alkaline  so¬ 
lutions  near  the  equilibrium  i  iel  ind  in  presence  of 

anodic  polarization  is  corns  *i  further  by  the  appearance 

of  oxide  films  on  its  ;urfa  .  's  will  be  shewn  in  Chapter  7, 
the  lr4 ter  have  an  important  influence  on  the  hydrogen  over¬ 
voltage  . 
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[Transliterated  Symbols] 

=  n.v.e.  =  normal' nyy  vodorodnyy  elektrod  =  normal 
hydrogen  electrode 

=  ads  =  adsorptsiya  =  adsorption 

=  emiss  =  emissiya  =  emission 
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REACTIONS  OF  ELECTROCHEMICAL  REDUCTION  AND  OXIDATION 

SI.  GENERAL  INFORMATION 

Any  electrochemical  reaction  can  Ue  regarded  either  as  an  oxida¬ 
tion,  when  the  reacting  substances  give  off  electrons  to  the  electrode 
(anode),  or  as  a  reduction,  when  they  acquire  electrons  (at  the  cath¬ 
ode)  . 

In  the  present  chapter  we  shall  limit  consideration  to  the  reac¬ 
tions  whose  initial  components  and  products  are  dissolved  substances. 
This  category  of  electrochemical  reactions  also  includes  reactions  tak¬ 
ing  place  with  the  participation  or  resulting  in  the  formation  of  dis¬ 
solved  molecules  of  gaseous  substances  but  do  not  include  the  reactions 
of  electro-deposition  or  dissolution  of  metal^  or  other  solids.  We  thus 
assume  that  the  metallic  electrode  merely  ;  lays  the  part  of  an  electron 
transmitter  and  that  its  chemical  modifications,  if  they  take  place, 
are  limited  to  the  surface  layer. 

The  reaction  cf  the  cathodic  reduction  of  hydrogen,  which  has  been 
examined  in  detail  in  the  prev  ous  chapter,  is  typical  and  one  of  the 
most  important  examples  of  reducing  reactions. 

Other  redox  reactions  have  been  r  mi  to  a  less  r  extent  than 
the  reaction  of  hydrogen  separation,  although  i  any  of  these  are  also  of 
practical  importance  and  frequently  form  the  ba  is  of  entire  branches 
of  industry.  As  examples  we  can  mention  the  anodic  separation  of  oxygen 
and  halogens,  the  cathodic  reduction  of  dissolved  oxygen,  the  anodic 
oxidation  of  the  sulfate  ion  to  persulfate  ion,  on  which  the  industrial 


production  of  hydrogen  peroxide  is  based,  the  production  of  chlorates 
and  perchlorates  and  many  others. 

The  number  of  known  oxidation  and  reduction  electrode  reactions 
is  very  large.  Nearly  all  metal  cations  existing  in  solution  in  several 
oxidation  stages  (for  example,  the  ions  of  iron,  chromium,  titanium, 
etc.),  can  be  subjected  to  redox  reactions.  A  number  of  oxygen-contain¬ 
ing  inorganic  ions  (Cr^O”,  MnO]J ,  AsO”~,  etc.)  are  reduced  at  the 
cathode;  many  anions  which  do  not  contain  oxygen  (Cl-,  Br",  S  ,  etc.) 
are  oxidized  at  the  anode.  A  large  number  of  reactions  in  which  organic 
substances  participate  is  also  known;  for  example,  compounds  containing 
the  carbonyl  group,  such  as  aldehydes  and  ketones,  are  fairly  readily 
reduced  at  the  cathode.  The  anions  of  organic  acids  are  oxidized  at  the 
anode  with  splitting  off  of  carbon  dioxide  and  formation  of  hydrocar¬ 
bons;  various  unsaturated  organic  compounds  are  hydrogenated  at  the 
cathode . 

The  first  experiments  in  the  electrolysis  of  organic  compounds 
were  carried  out  in  1803  by  Academician  V.V.  Petrov  [1],  A  large  number 
of  important  oxidation  and  reduction  reactions  with  participation  of 
organic  substances  were  discovered  and  studied  by  the  great  Russian 
chemists  N.N.  Beketov  [2]  (reduction  of  bicarbonate  to  formic  acid, 
1869),  A.M.  Butlerov  [3]  (electrosynthesis  of  butylene,  1870)  and  oth¬ 
ers.  It  is  particularly  Important  to  mention  the  work  of  N.A.  Bunge  [*l] 
at  Kiev,  who  carried  out  comprehensive  investigations  on  the  influence 
of  various  factors  (current  intensity,  temperature,  concentration)  on 
the  course  of  different  processes  of  anodic  oxidation  of  organic  sub¬ 
stances.  The  work  of.N.D.  Zelinskiy,  N.A.  Shilov  [5]  and  L.V.  Pisar- 
zhevskiy  [6]  also  dealt  with  the  oxidation  of  organic  substances  by 
electrolysis  (for  more  details  on  these  works  see  N.Ye.  Khomutov  [38]). 

It  would  be  in  order  to  give  a  classification  of  all  known  elec- 


trochemica]  reactions  based  on  the  difference  of  the  mechanisms  by 
which  they  proceed.  However,  the  currently  available  experimental  data 
do  not  yet  permit  such  a  broad  generalization  Nonetheless,  certain 
common  regularities  can  be  pointed  out  even  now  which  characterize 
their  kinetics  and  mechanism. 

In  the  following  we  shall  consider  phenomena  connected  mainly  with 
the  reactions  of  cathodic  reduction.  The  study  of  the  reactions  of  an¬ 
odic  oxidation  of  dissolved  substances  is  greatly  complicated  by  the 
fact  that  the  surface  of  the  metallic  anode,  as  a  rule,  is  oxidized 
(even  in  the  case  of  platinum),  and  tne  oxide  film  thus  formed  to  some 
degree  affects  the  course  of  the  reaction. 

§2.  REVERSIBLE  AND  IRREVERSIBLE  REDOX  REACTIONS 

It  is  generally  accepted  to  divide  the  redox  reactions  or  redox 
systems*  into  reversible  and  irreversible.  Reversible  systems,  as  a 
rule,  are  termed  the  systems  which  satisfy  the  following  conditions: 

a)  when  an  inert  electrode  is  immersed  ir  a  given  solution,  a  cer¬ 
tain  potential  is  established  in  it  whien  os  independent  of  the  materi¬ 
al  and  the  surface  condition  of  the  electrede,  depending  only  on  the 
concentration  and  nature  of  the  oxidized  and  reduced  reaction  compo¬ 
nents,  in  correspondence  with  their  thermodynamic  properties ; 

b)  when  current  is  passed  through  the  electrode,  i.e.,  during  the 
course  of  the  oxidation  or  reduction  reaction,  the  electrode  potential 
practically  remains  at  the  equilibrium  .■  as  long  as  the  current 
density  is  so  low  that  the  concentration  polarization  need  not  be  con¬ 
sidered;  in  othei  words,  these  reactions  do  not  show  electrochemical 
polarization. 

The  systems  quinone/hy droquinone ,  I^/T  or  Fe++/Fe+++  with  plati¬ 
num  or  gold  electrode  are  usually  cited  as  classical  examples  of  re- 
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versible  redox  systems.  To  these  belongs  also  the  reversible  hydrogen 
electrode,  i.e.,  the  system  H+/H?  with  an  electrode  of  platinized  plat¬ 
inum. 

A  large  number  of  irreversible  systems  is  known  which  do  not  sat¬ 
isfy  the  above-indicated  conditions.  Thus,  for  example,  aldehydes  are 
relatively  readily  reduced  at  the  cathode  or  oxidized  at  the  anode  to 
the  corresponding  alcohols  or  acids.  If,  however,  a  platinum  electrode 
or  inert  electrode  of  some  other  metal  is  immersed  in  a  mixture  of  al¬ 
dehyde  and  alcohol,  the  potential  established  on  it  depends  on  the  ma¬ 
terial  and  condition  of  the  electrode  and  cannot  be  regarded  as  the 
thermodynamic  equilibrium  redox  potential  of  the  system  aldehyde/alco¬ 
hol.  The  oxygen  electrode  behaves  in  the  same  way;  if  a  platinum  elec¬ 
trode  is  immersed  in  an  aqueous  solution  saturated  with  gaseous  oxygen, 
the  equilibrium  oxygen  potential  is  not  established  on  it. 

Every  electrochemical  reaction  taking  place  at  a  measurable  rate, 
i.e.,  every  passage  of  current  through  the  electrode,  causes  a  certain 
disturbance  of  the  thermodynamic  equilibrium  and  should  thus  cause  a 
certain  shift  of  the  electrode  potential.  The  different  redox  systems 
differ  by  the  degree  of  their  irreversibility.  The  overvoltage  can 
serve  as  a  characteristic  of  the  degree  of  irreversibility  of  the  reac¬ 
tion;  since  the  overvoltage  depends  on  the  current  density,  it  can  be 
compared  for  different  reactions  only  at  the  same  current  density.  The 
reactions  with  low  activation  energy  take  place  at  a  fairly  high  rate 
and  the  overvoltage  for  them  at  moderate  current  densities  can  be  less 
than  the  sensitivity  limit  of  the  method  used  for  the  measurement  of 
the  electrode  potential;  hence  it  may  seem  that  the  electrochemical 
reaction  does  not  disturb  the  equilibrium .  At  high  current  densities 
the  concentration  polarization  assumes  primary  importance  in  these  cas¬ 
es.  However,  even  for  such  classical  reversible  systems,  as  Fe++/Fe+++ 
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or  I  ,/I  ,  it  can  be  shown  that  the  t  ola  izatior  luring  the  passage 
current  is  not  of  a  purely  concentration  nature  and  that,  consequently, 
the  electrochemical  process  proper  takes  place  at  a  measurable  rate 
[71.  Strongly  irreversible  reactions  at  low  current  Intensities  also 
involve  a  considerable  overvo^taj  attaining  values  of  1  v  and  over. 

Reactions  are  often  conventionally  termed  reversible  if  their 
overvoltage  Is  much  less  than  the  shift  of  the  electrode  potential, 
caused  by  concentration  polarization  under  normal  mixing  conditions. 

Another  criterion  of  the  reversibility  of  a  reaction  can  be  the 
intensity  of  the  exchange  current  >t  tin  equ’.'tri  m  potential  of  a 
given  redox  system.  The  reversibility  of  the  process  is  the  greater  the 
greater  the  exchange  current.  The  exchange  current  of  practicilly  irre¬ 
versible  reactions  is  immeasurably  an: a  1.  Tn*-  degree  to  which  condition 
a)  can  be  fulfilled  depends  on  the  magnitude  rf  the  exchange  current. 

In  order  that  an  Inert  electrode  assumes  the  equilibrium  potential  of  a 
certain  redox  system  it  is  essential  that  the  exchange  current  of  this 
system  should  considerably  exceed  the  exchange  current  of  the  electro¬ 
chemical  side  reactions  which  can  taxe  place  at  the  same  electrode,  for 
example,  those  connected  with  the  presence  of  traces  of  oxygen  in  the 
solution . 

Closely  bound  up  with  the  problem  of  the  degree  of  Irreversibility 
of  different  redox  reactions  is  the  problem  of  the  electrochemical  re¬ 
ducibleness  or  oxidability.  Various  substances  are  difficult  to  reduce 
by  an  electrochemical  method.  The  satu’-ctea  nonocarboxylic  acids,  e.g., 
acetic  acid,  may  serve  as  examples.  During  polarization  of  the  elec¬ 
trode  in  an  acetic  acid  solution  te  a  strongly  negative  potential  (for 
example,  during  the  recording  of  polarographic  curves  by  means  of  the 
mercury  drop  electrode)  reactions  of  its  reduction  to  acetic  aldehyde 
or  ethyl  alcohol  are  r.ot  bserved  although  thermodynamically  the  reduc- 
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tion  process  would  be  quite  feasible.  This  means  that  the  reaction  of 
reduction  of  ace'  ic  acid  involves  such  a  large  overvoltage  that  it 
would  proceed  at  a  measurable  rate  only  at  potentials  which  are  more 
negative  than  the  potential  of  hydrogen  separation. 

We  ought  to  point  out  that  the  rate  of  a  redox  reaction  depends 
not  only  on  the  nature  of  its  components  or  on  the  type  of  reaction  but 
to  a  very  considerable  degree  also  on  the  electrode  material.  This  had 
been  clearly  evident  already  during  the  discussion  of  the  reaction  of 
the  cathodic  separation  of  hydrogen  which  takes  place  on  the  platinized 
platinum  electrode  under  conditions  close  to  reversible,  and  on  other 
metals  with  a  varying  delay. 

The  process  of  the  electrolytic  reduction  of  nitric  acid  and  its 
salts  can  also  serve  as  an  example  of  the  effect  of  the  nature  of  the 
electrode  metal;  on  cathodes  of  different  metals  different  compounds 
are  obtained  with  different  current  yields.  , 

The  influence  of  the  cathode  material  on  the  course  of  the  elec¬ 
trolytic  reduction  process  of  organic  substances  has  been  studied  in 
the  works  of  S.A.  Fokin  ( 1 90 6 )  [8],  S.A.  Fokin  showed  that  the  process 
of  cathodic  reduction  of  oleic  acid  and  other  unsaturated  organic  com¬ 
pounds  takes  place  most  readily  on  metals  of  the  platinum  group  and  al¬ 
so  on  nickel  and  cobalt,  i.e.,  >recisely  on  the  metals  which  are  the 
best  catalysts  in  the  hydrogenation  of  these  compounds  with  gaseous  hy¬ 
drogen,  which  have  the  maximum  adsorption  of  atomic  hydrogen  and  low 
hydrogen  overvoltages.  In  other  cases,  however,  such  a  parallelism  be¬ 
tween  the  hydrogen  overvoltage  on  metals  and  their  behavior  In  other 
electrolytic  reduction  reactions  is  not  observed.  Whilst  the  reduction 
of  oleic  acid  proceeds  most  readily  on  electrodes  of  catalytlcally  ac¬ 
tive  metals  with  low  hydrogen  overvoltage,  other  electrolytic  reduction 
reactions  can  be  realized  only  on  cathodes  with  large  overvoltage. 
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Thus,  for  example,  as  v;as  shown  by  N.A.  Izparyshev  and  A. A.  Petrova 
[9],  the  reduction  reaction  of  nitronethane  to  metnylhydroxyiamine  or 
r ethyl amine  takes  place  readily  on  lead  or  tin  electrodes,  i.e.,  on 
metals  which  have  a  large  hydrogen  overvoltage.  I.F.  Antropov  [10] 
found,  as  a  general  rule,  that  thv  t  lee  trolyt  ie  reluct,  ion  of  unsaturat- 
ed  organic  compounds  with  double  bond  proceeds  ore  readily  on  catalyl- 
ically  active  metals,  while  the  electrolytic  reduction  of  oxygen-con¬ 
taining  polar  compounds  (for  example,  aldehydes,  ketones,  etc.)  ta^es 
place  more  readily  or  metals  with  large  overvoltage. 

As  has  been  shown  in  the  previous  jh  f  r,  the  slowing  down  of  the 
reaction  of  the  discharge  of  the  hydrogen  ion  upon  transition  fror  a 
metal  with  low  overvoltage  to  metals  with  hlgr  overvoltage  is  connected 
with  a  decrease  in  the  adsorption  energy  of  the  hydrogen  atom  on  the 
metal.  Let  us  assume  that  the  adsorption  energy  of  the  particle  formed 
during  the  elementary  act  of  electrolytic  reduction  of  some  organic 
substance  is  less  or  depends  on  the  nature  of  the  metal  in  a  different 
way  than  the  adsorption  energy  of  the  hydrogen  atom.  Then  when  we  go 
over  to  metals  with  large  hydrogen  overvoltage  the  corresponding  reduc¬ 
tion  reaction  at  a  gi”en  notential  will  not  be  slowed  down  as  much  as 
the  reaction  of  hydrogen  separation  or  may  not  be  slowed  down  ai  all. 

On  the  other  hand,  on  cathodes  with  high  hydrogen  overvoltage ,  owing 
to  the  delay  in  the  hydrogen  separation,  it  is  possible  to  produce  much 
more  negative  potentials  than  on  cathodes  with  lov,  overvoltage.  This 
enables  the  rate  of  the  reaction  which  icrests  us  to  be  considerably 
Increased.  Thus,  in  the  case  under  consideration  the  reaction  of  elec¬ 
trolytic  reduction  should  really  proceed  more  readily  on  cathodes  with 
large  hydrogen  overvoltage.  Analogously,  a  large  oxygen  separation 
overvoltage  facilitates  in  many  cases  other  oxidation  reactions  at  the 
anode.  Platinum  has  the  largest  overvoltage  during  the  separation  of 
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oxygen  (in  acid  and  also  alkaline  solutions),  whereas  lead  has  a  lower 
one,  being  covered,  for  example,  in  sulfuric  acid  solution  with  a  film 
of  PbO  ,  and  even  less  iron  and  nickel  (in  alkaline  solutions)  and  also 
graphite.  Reactions  which  require  a  high  anode  potential  can  be 
achieved  only  on  a  platinum  anode  (for  example,  production  of  persul¬ 
fates  or  perchlorates)  while  chlorates,  whose  production  requires  a 
lower  oxidation  potential,  can  be  produced  on  graphite  anodes. 

Depending  on  the  anode  potential  different  organic  substances  can 
be  obtained  from  the  same  initial  product,  for  example,  in  the  oxida¬ 
tion  of  ethyl  alcohol  on  smooth  platinum  acetic  acid  is  obtained,  and 
on  platinized  platinum  acetaldehyde. 

The  effect  of  the  nature  of  the  electrode  on  the  course  of  the 
electrochemical  process  may  be  connected  in  some  cases  with  the  forma¬ 
tion  of  intermediates  of  the  reacting  substance  with  the  electrode  met¬ 
al.  For  example,  the  reduction  of  the  compounds  of  the  acetylene  series 
is  easily  achieved  on  copper  and  silver  electrodes  with  which  they  ob¬ 
viously  form  unstable  chemical  compounds. 

Various  external  conditions,  above  all  the  temperature,  also  af¬ 
fect  the  degree  of  irreversibility  of  the  different  reducing  and  oxi¬ 
dizing  reactions.  As  a  rule,  increasing  the  temperature  lowers  the 
overvoltage  and  the  degree  of  irreversibility  of  all  reactions  and 
brings  the  system  close  to  the  equilibrium  state. 

i 

§3.  STAGES  OF  THE  REDUCTION  REACTIONS.  INTERMEDIATE  PRODUCTS. 

Using  the  reaction  of  the  reduction  of  the  hydrogen  ion  as  an  ex¬ 
ample,  we  have  become  acquainted  with  a  reaction  in  the  course  of  which 
the  reacting  particle  (the  hydrogen  ion)  combines  with  a  single  elec¬ 
tron.  As  a  result  of  this  reaction  a  particle  with  unsaturated  valency 
is  formed,  the  adsorbed  hydrogen  atom,  which  combiner,  with  another  atom 


ration  of  a  hydrogen 


during  the  subsequent  chemical  reaction  with  f\ 
molecule.  In  other  cases  the  combination  of  a  single  electron  with  a 
stable  molecule  or  ion  can  also  give  a  par*  icle  which  ■'ontains  an  odd 
number  of  electrons,  i.o.,  at  least  one  unpaired  electron  in  the*  outer 
electron  shell.  In  consequence  of  this  a  particle  (atom  or  free  radical' 
Is  obtained  which,  as  a  rule,  possesses  high  reactivity  and  enters 
into  further  reaction  either  via  combination  with  a  second  electron  or 
via  combination  with  another  identical  particle  (dimerization  reaction). 
In  either  case  a  compound  is  formed  containing  an  even  number  cf  valen¬ 
cy  electrons  and  which  is  stable. 

Examples  of  reactions  consisting  In  ‘tie  combination  or  emission  of 

only  one  electron  with  formation  of  .  able  pic  iir  ;  are  the  reduction 

or  oxidation  reactions  of  metal  ions  existing  in  solution  in  several 

oxidation  stages,  such  as,  for  example, 

Fc***  +  c-fFc** 

MnO”*Rc  — » MnO”~ 

As  an  example  of  a  reaction  which  takes  place  via  dimerization  of 
primarily  formed  atoms  or  free  radical-,  u*  *a  ;  mention,  apart  from  the 
reaction  of  hydrogen  separation  or  the  analogous  reaction  of  chlorine 
separation,  the  reaction  of  the  oxidat'on  of  cysteine  to  cystine 
2RSK  -*•  RS  —  SR  +  2c  +  2H4-,  where  R  means  HOOC  -  CH  -  CH0  - 


or  the  reaction  of  the  formation  of  plnacols  during  the  reduction  of 
aldehydes . 

The  majority  of  redox  reactions  of  inorganic  or  organic  substances, 
however,  takes  j  mce  with  the  su. imai  ,  parti  Ipation  f  at  least  two 
electrons  per  reacting  particle.  As  examples  we  can  mention  the  reac¬ 
tion  cf  the  reduction  of  quinone  to  hydroquinone 


C.rl.Oj  -r  2H*  +  2 c~*  C.H,  (01 1), 
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or  the  reaction  of  the  reduction  of  oxygen  to  hydrogen  peroxide 

O,  f  2H‘  +  2e~>HA- 

Reactions  whicii  take  place  with  the  summary  participation  of  more 
than  two  electrons  can  often  be  divided  into  separate  stages  in  each 
of  which  two  electrons  take  part.  Thus,  the  reaction  of  the  reduction 
of  organic  nitro  compounds  to  the  corresponding  amines  requires  the 
participation  of  six  electrons: 

RNO,  +  6H*  -r  6c  — >  RNH,  -r  2H,0. 

By  varying  the  experimental  conditions  it  is  possible  to  isolate  indi¬ 
vidual  intermediate  stages  of  this  reaction  and  to  obtain  intermedi¬ 
ates  : 

4-2«  4  2*  +2* 

RNO,  RNO  RNHOH  RNH,. 

To  elucidate  the  mechanism  of  a  reducing  (or  oxidation)  reaction 
it  is  important  to  know  the  physical  and  chemical  properties  of  the  in¬ 
termediates  and  free  radicals  produced  in  it.  Of  primary  interest  is 
the  elucidation  of  the  problem  of  their  thermodynamic  and  kinetic  sta¬ 
bility  . 

The  thermodynamic  stability  of  intermediates  means  that  they  can 
exist  at  least  in  a  certain  potential  range  in  measurable  concentra¬ 
tions  in  equilibrium  with  the  initial  and  final  reaction  products.  The 
problem  of  the  thermodynamic  stability  of  the  intermediate  products  can 
be  comprehended  by  using  the  example  of  the  reduction  of  trivalent  iron 
ions  to  metallic  iron  or  of  the  ions  of  divalent  copper  to  metallic 
copper . 

The  normal  redox  potential  of  the  system  Fe++/Fe+++  is  +0.77  v 
(n.v.e.).  At  potentials  which  are  more  negative  than  this  value,  the 
equilibrium  concentration  of  the  ions  of  divalent  iron  exceeds  the  con¬ 
centration  of  the  ions  of  trivalent  iron;  for  example,  at  a  potential 
of  0.6b  v  the  ratio  [Fe  ]/[  Fe  ]  is  100,  at  more  negative  potential 
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it  is  even  larger.  The  normal  electrode  potential  of  the  system  Fe/Fe++ 
is  — O.M  v.  Hence,  in  presence  of  metallic  iron  the  Fe+++  ions  are  un¬ 
stable  and  are  reduced  to  Fe++  ions.  The  Ions  of  divalent  iron  in  turn 

-f  44 

are  stable  and  do  net  undergo  any  changes  (oxidation  to  we  or-  reduc¬ 
tion  to  metallic  iron)  within  a  wile  potential  range  from  the  region  of 
the  equilibrium  potential  of  the  system  Fe"r+/Fe"t++  to  the  region  of  the 
equilibrium  potential  of  the  system  Fe/Fe+I’.  Thus  during  the  reduction 

A  + 

of  trivalent  iron  the  Fe  ions  can  accumulate  as  a  stable  intermediate 
product  to  consioerablt  concentrations ;  only  at  potentials  which  are 

A  4. 

more  negative  than  the  equilibrium  potential  Fe/Ft  are  they  reduced 

further  to  metallic  iron. 

4  4  4 

In  the  system  Cu  /Cu  /Cu  we  are  f j  ed  witl  1  different  situation. 
In  presence  of  metallic  copper  the  lower  oxidation  stage  of  copper, 

Cu+ ,  is  unstable  in  solution.  Indeed  the  reduction  of  the  ions  of  di¬ 
valent  copper  to  the  univalent  state  should  occur  close  to  the  normal 
electrode  potential  of  the  system  Cu++/Cu+  of  0.16  v  (n.v.e.);  because, 
however,  this  potential  is  much  more  nepa*’ve  than  the  potential  Cu/Cu 
(0.52  v),  the  ions  of  monovalent  copper  ca:  xist,  near  the  electrode 

only  in  negligibly  small  concentration.  Thus  in  consequence  of  the  low 
thermodynamic  stability  of  the  Cu+  ion  they  cannot  accumulate  in  the 
solution  in  measurable  quantities  during  the  reduction  of  divalent  cop¬ 
per  to  metallic  copper.  Closely  connected  with  this,  in  particular,  is 
the  well-known  proj  arty  of  the  salts  of  monovalenc  copper  to  decompose 
spontaneously  in  solution  into  salts  c  '  i'  a  lent  coppei  and  metallic 
copper 

CiijSO,  —  * CiiSO,  -Cu. 

Summarizing  the  above,  we  can  say  that  the  Intermediate  products 
of  reduction  cr  oxidation  reactions  are  thermodynamically  stable  If  the 
equilibrium  redox  potential  of  the  system  oxidized  component  -  Interme- 


diate  product  has  a  more  positive  value  than  for  the  system  Intermedi¬ 
ate  product-reduced  component.  In  the  polarographi c  analysis  of  solu¬ 
tions  of  such  substances  two  separate  polarographic  waves  are  formed 
(or  a  greater  •  amber  of  waves  in  presence  of  a  -reater  number  of  inter¬ 
mediate  reduction  stages).  Conversely,  during  the  polarographic  analy 
sis  of  a  solution,  containing  an  oxidant  of  the  type  of  Cu+  ,  only  one 
wave  can  be  recorded  on  the  polarogran,  corresponding  to  the  summary 
process  Cu++  +  2e  -*  Cu .  However,  if  a  substance  is  added  to  the  solu¬ 
tion  which  increases  the  stability  of  monovalent  copper  by  forming  com¬ 
plexes  with  it,  for  example,  ammonia  or  chlorine  ions,  the  monovalent 
copper  is  enabled  to  accumulate  to  a  measurable  concentration  and  the 
polarographic  wave  of  Cu++  is  decomposed  into  two  waves. 

We  have  considered  here  the  thermodynamic  conditions  of  the  sta¬ 
bility  of  the  intermediate  products  of  electrolytic  reduction  reac¬ 
tions.  The  accumulation  of  thermodynamically  unstable  reduction  prod¬ 
ucts  to  measurable  concentrations,  however,  is  frequently  observed. 
Thus,  during  the  reduction  of  dissolved  molecular  oxygen  to  water,  hy¬ 
drogen  peroxide  is  formed  as  an  intermediate  on  several  electrode  mate¬ 
rials.  The  normal  potential  of  the  system  0^,/FpO.,  in  acid  medium  is 
0.682  v,  the  potential  of  the  system  H20p/I1^0  is  1.77  v,  l.e.,  the  re¬ 
duction  potential  of  the  substance  with  the  lower  oxidation  stage  (hy¬ 
drogen  peroxide)  is  considerably  more  positive.  In  spite  of  this  two 
waves  are  observed  during  the  polarographic  determination  of  oxygen, 
of  which  the  first  is  due  to  the  reduction  of  oxygen  to  hydrogen  perox¬ 
ide  and  the  second  to  the  reduction  of  the  peroxide  to  watep.  The  cause 
of  the  appearance  of  the  intermediate  stage  is  the  fact  that  both  reac¬ 
tions  (the  reduction  of  oxygen  and  the  reduction  of  hydrogen  peroxide) 
are  strongly  irreversible  and  take  place  only  In  presence  of  a  consid¬ 
erable  overvoltage.  The  overvoltage  of  the  second  stage  (reduction  of 
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hydrogen  peroxide  to  venter)  1'  considerably  groat ei  than  the  overvolt¬ 
age  of  the  first  stage;  In  consequence  of  this  e  reduction  of  hydro¬ 
gen  peroxide  to  water  takes  dare  at  a  more  negative  potential  than  the 
reduction  of  oxygen  although  the  equilibrium  potential  of  the  system  in 
the  second  stage  of  the  process  ii  positive.  The  accumulation  of 

peroxide  to  concentrations  exceeding  the  thru  i.c  dynamic  equilibrium  con¬ 
centration  thus  takes  plac*  in  rorr  oquence  of  the  kinetic  delay  of  the 

process  of  further  reduction  of  the  peroxich'.  The  appearance  of  thermo¬ 

dynamically  unstable  intermediate  reciuction  products  is  also  observed 
in  other  Instances. 

The  reaction  of  reduction  of  o>;  *<m,  to  water  is  an  example  of  a 

complex  four-electron  reaction  which  can  be  ii  <  h  1  as  a  result  of  the 

action  of  kinetic  factors  into  two  simpler  two-electron  stages.  Of  con¬ 
siderable  interest  is  the  problem  of  the  possibility  of  a  further  sub¬ 
division  of  the  two-electror.  processes  into  Individual  stager  and  the 
detection  of  the  intermediate  products  obtained  a  a  result  of  the  com¬ 
bination  or  emission  of  a  single  el  atror..  S ' -  g]  o-?  lectron  intermediate 
products  are  obviously  formed  In  the  cour  or  many  complex  reduction 
or  oxidation  reactions  ('’lthough  they  cannot  always  be  detected),  i.e., 
In  every  elementary  electrochemical  stage,  as  a  rule,  only  a  transition 
of  a  single  election  takes  place  but  not  of  two  or  more  electrons  si¬ 
multaneously  . 

The  reaction  of  the  reduction  of  quinone  to  hydroquinone  has  been 
given  above  as  a  typical  example  of  a  *  n  of  electroly t Ic  reduc¬ 
tion  with  addition  of  two  electron.,.  H  never,  during  the  chemical  re¬ 
duction  of  some  more  complex  quinories  an  intermediate  formation  of 
products  of  one-electron  addition  has  been  observed,  the  so-called 
semiquinones , "  which  have  many  of  the  properties  of  free  radicals  [11]. 

As  long  aso  as  1870,  the  Drofessor  of  Kiev  University  N.A.  Bunge 
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Ml]  pointed  out  the  possibility  of  the  formation  of  intermediate  unsta¬ 
ble  products  during  the  electrolysis  of  solutions  of  organic  compounds 
which  are  subsequently  transformed  into  stable  electrolysis  products 
via  dimerization  or  other  reactions.  The  single  electron  intermediates 
have  unsaturated  valencies  and  their  thermodynamic  and  kinetic  stabil¬ 
ity  is  low.  Hence  they  cannot  accumulate  in  important  quantities  during 
the  reaction  and  in  many  cases  participate  in  the  reaction  only  in  the 
adsorbed  state  on  the  electrode  surface,  as,  for  example,  during  the 
cathodic  separation  of  molecular  hydrogen.  On  the  whole  the  problem  of 
the  transition  of  the  valency-unsaturated  intermediates,  radicals  or 
atoms,  into  the  volume  of  the  solution  has  not  yet  been  sufficiently 
studied.  Cases  are  known  in  which  such  a  transition  appears  to  occur 
although  only  to  a  slight  extent.  The  appearance  of  valency-unsaturated 
radicals  in  the  solution  can  be  detected  if  they  cause  chemical  chain 
reactions.  Particularly  suitable  for  this  purpose  are  the  polymeriza¬ 
tion  reactions  of  unsaturated  compounds  which  are  readily  initiated  by 
valency-unsaturated  particles.  This  method  of  detecting  free  radicals 
can  also  be  applied  to  electrochemical  reactions.  Thus,  during  the 
electrolytic  reduction  of  acrylic  acid  Clip  =  CH  -  COOH  or  its  esters  a 
polymerization  of  the  dissolved  unsaturated  compound  is  observed  which 
can  be  explained  by  assuming  that  the  intermediate  product  of  the  elec¬ 
trolytic  reduction,  for  example,  the  radical  — CH  —  CH  -  COOH,  going 
into  solution  in  very  small  quantities,  initiates  the  polymerization 
reaction  [12]. 

The  radicals  which  form  as  intermediate  products  during  the  reduc¬ 
tion  of  more  complex  organic  compounds,  may  be  relatively  stable  and, 
correspondingly,  may  accumulate  to  a  marked  degree  within  a  certain  po¬ 
tential  range.  The  polarographic  wave  which  characterizes  the  over-all 
two-electron  process  is  separated  in  these  cases  into  two  individual 
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waves  with  equal  height. 

IH.  KINETICS  OP  THE  INDIVIDUAL  STAGES  OF  THE  ELECTROCHEMICAL  PROCESS. 

REACTIONS  WITH  PARTICIPATION  OF  INTERMEDIATE  REDUCING  AGENTS  OR 

OXIDANTS 

♦ 

It  has  been  shown,  using  the  .enctJon  of  hydrogen  separation  as  an 
example,  that  the  over-all  rate  of  the  electrochemical  reaction  depends 
on  the  rates  of  the  individual  intermediate  stages;  in  particular,  if 
the  rate,  or,  more  correctly,  the  rate  constant  of  one  of  the  stages  Is 
slightly  less  than  t.iat  of  the  others,  and  if  parallel  stages  are  ab¬ 
sent,  the  over-all  r.ite  of  the  whole  reaction  is  determined  only  by  the 
rate  of  this  delayed  stage. 

In  the  following  we  shall  examine  m*  nly  the  simplest  cases  of  the 
kinetics  of  reducing  or  oxidation  reactions,  ir.  which  onuy  one  stage 
is  limiting.  In  this  case  the  kinetic  lawr  of  the  7r*r-all  reaction  can 
be  derived  from  the  kinetics  of  the  delayed  stag* . 

In  the  case  of  reversible  redox  systems,  as,  for  example,  quinone/ 
hydroquinone ,  the  slow  stage,  as  follow*  from  the  foregoing  discussion, 
is  the  diffusion  of  the  reacting  substanct  co  the  electrode  surface  or 
the  diffusion  of  thi  reaction  products  from  th»  surface  to  the  interior 
of  the  solution.  The  laws  observed  In  these  cases  do  not  differ  in 
principle  ii  any  way  from  those  discussed  by  us  earlier*  and  we  shall 
not  d  ell  on  them  here. 

In  the  chapter  which  deals  with  the  reaction  of  cathodic  hydrogen 
separation.  It  was  shown  that  for  sor.°  •  fils  the  delayed  stage  which 
limits  the  kinetics  of  the  over-all  process  is  the  electrochemical 
stage  of  the  discharge  of  the  hydr  ^ec  hydrogen  ion. 

In  this  connection  the  question  naturally  arises  how  much  the 
electrochemical  act  of  addition  or  emission  ol  an  electron  can  be  rate- 
limiting  in  other  reduction  or  oxidation  reactions.  It  must  be  pointed 


out  that  this  possibility  of  the  slowing  down  of  a  reaction  has  normal¬ 
ly  not  been  considered  in  the  older  works  on  electrochemical  kinetics; 
all  experimentally  observed  polarization  phenomena  were  explained  by  a 
possible  inhibition  of  chemical  reactions,  i.e.,  stages  which  take 
place  without  the  participation  of  electrons.  The  hypothesis  has  been 
repeatedly  advanced  in  the  interpretation  of  the  kinetics  of  electro¬ 
chemical  transformations,  according  to  which  the  electrochemical  reac¬ 
tion  itself,  which  leads  to  the  formation  of  some  active  intermediate 
product,  takes  place  quickly  and  is  reversible;  the  delayed  stage  is 
the  chemical  transformation  of  the  unstable  intermediate  product  into 
the  stable  end  product  of  the  reaction  without  the  participation  of 
charges,  for  example,  via  polymerization.  In  this  case  the  electrode 
potential  is  determined  in  accordance  with  the  equations  for  the  equi¬ 
librium  potential  by  the  concentrations  of  the  initial  substances  and 
the  intermediate  products  in  analogy  to  the  situation  in  the  recombina¬ 
tion  theory  of  the  hydrogen  overvoltage.  The  kinetics  of  the  over-all 
process  are  determined  by  the  laws  of  transformation  of  the  intermedi¬ 
ate  product  into  t.ie  final  reaction  product. 

It  has  been  shown  recently,  based  on  the  results  of  the  experimer- 
tal  study  of  the  kinetics  cf  electrochemical  reactions,  that  several 
important  reduction  or  oxidation  reactions  of  inorganic  or  organic  sun- 
stances  are  limited  by  the  electrochemical  stage,  i.e.,  the  stage  of 
electron  addition  to  the  molecule  of  the  reduced  substance  or  the  emis¬ 
sion  of  an  electron  by  the  molecule  of  oxidized  substance.  In  the  fol¬ 
lowing  sections  we  shall  become  acquainted  with  several  such  reactions. 

Numerous  reactions  of  reduction  of  organic  and  inorganic  substanc¬ 
es  take  place  with  participation  of  electrons  and  hydrogen  ions. 

In  these  cases,  in  addition  to  the  above-considered  scheme,  ac¬ 
cording  to  which  an  electron  is  primarily  added  to  the  reacting  rr.ole- 

-  333  - 


cule  (which  after  or  simultaneously  wl tt  the  addition  of  the  electron 
reacts  with  a  hydrogen  ion),  there  is  also  possible  a  mechanism  of  the 
process,  in  which  the  electron  combines  first  v.'ith  a  hydrogen  ion  with 
formation  of  a  hydrogen  atom  (discharge  of  the  hydrogen  ion),  and  the 
atom  thus  formed,  which  is  a  stron  reducing  a rent ,  then  reacts  with  a 
molecule  of  the  substance  being  reduced  and  i  edt.es  It: 

1  i*  4-f  —  •  i 

l(  rl!  •  UH-'  RHj 

The  concept  the  participation  atomic  hydx*ogen  as  an  interme¬ 
diate  product  in  the  reactions  o'  cathod’  "  reduction  has  received  wide 
currency  in  the  electrochemical  literature.  According  to  these  views 
the  primary  stage  of  any  ».\«ctroch*»lc*l  reaction  ol  reduction  is  the 
reduction  of  the  hydrogen  ion  to  atom'  or  .  r  oth«  r  ixtlve  state  (hy¬ 
drogen  in  statu  naecendi,  at  the  moment  of  re;  ■  Ion),  with  its  subse¬ 
quent  chemical  reaction  with  the  substance  to  be  reduced.  Thus,  Toer- 
ster  [39]  wrote  In  1923:  "The  electrolytic  reduction  consists  in  this, 
that  the  hydrogen  atoms,  formed  during  f h«  disci.  t  go  of  hydrogen  Ions 
at  the  cathode,  Instead  of  reaoti  ,c  w  h  ea--;  otner  and  forming  mole¬ 
cules,  enter  into  reaction  with  the  oxidants  in  the  solutions  and  re¬ 
duce  them.  Hence  we  shall  consider  hydrogen  as  the  sole  carrier  of  the 
reducing  action."  N.I.  Kobozev  and  co-worKers  assumed  that  the  electro¬ 
lytic  reductlor  reaction  cannot  proceed  without  the  participation  of 
some  form  of  active  hydrogen  (atomic  or  molecular-excited)  [13L 

However,  the  participation  of  free  (i.o.,  not  adsorbed)  atomic  hy¬ 
drogen  in  the  reduction  reactions  lo  :  t  very  probable  for  the  same 
reasons  as  its  participation  in  the  p  ess  f  hydrogen  separation, 
namely,  the  reserve  of  free  energy  of  atomic  hydrogen  is  too  large  to 
permit  its  accumulation  in  concentrations  s  fficient  for  permitting  a 
measurable  reaction  rate.  On  the  contrary,  it  is  highly  probable  that 


) 


vj 


In  many  cases  of  reduction  reactions  which  take  place  readily  on  elec¬ 
trodes,  which  strongly  adsorb  hydrogen,  the  adsorbed  atomic  hydrogen 
really  participates.  As  has  been  shown  in  the  Introduction,  this  hydro¬ 
gen,  however,  differs  greatly  in  its  properties  from  free  atomic  hydro¬ 
gen.  According  to  L.I.  Antropov,  the  reaction  of  reduction  of  compounds 
on  cathodes  with  high  overvoltage  takes  place  via  addition  of  hydrogen 
ions  and  electrons,  while  in  the  reactions  of  the  reduction  of  com¬ 
pounds  with  separate  double  bonds  on  platinum  and  nickel  cathodes  ad¬ 
sorbed  hydrogen  atoms  take  part  [10]. 

The  concept  of  the  obligatory  participation  of  an  active  interme¬ 
diate  product  in  the  electrochemical  process  has  also  been  repeatedly 
advanced  with  regard  to  the  anodic  oxidation  reactions.  According  to 
the  theory  developed  by  the  British  electrochemists  Glasstone  and  Hick- 
ling  [14],  the  primary  stage  of  all  oxidation  reactions  is  the  dis¬ 
charge  of  hydroxyl  ions  at  the  anode  with  formation  of  the  free  hydrc /- 
yl  radical  OH.  This  free  hydroxyl,  like  atomic  hydrogen,  having  a  great 
reactivity,  is  dimerized  with  formation  of  molecules  of  hydrogen  perox¬ 
ide  which  then  enter  Into  chemical  interaction  with  the  substance  to  be 


oxidized.  According  to  these  ideas,  the  reaction  of  oxidation  of  the 
hyposulfite  ion  to  the  tetrathionate  ion  takes  place,  for  example,  in 


the  following  way : 

primary  reaction 


secondary  reaction 


201 1"  — »  2011  -f  2c 
20H  — *•  I  IjOj 

i  i,o,  +  2S/17  ~  — ►  s,o;  “  -i  20i  r. 


The  above-presented  mechanism  of  the  oxidation  reactions  has  been 
repeatedly  questioned  in  the  literature  [15]  and  is  not  very  probable. 
Indeed,  hydrogen  peroxide  is  not  directly  obtained*  during  anodic  po¬ 
larization  of  electrodes,  i.e.,  In  the  course  of  oxidation  reactions  on 
normal  electrodes.  On  the  other  hand,  a  large  number  of  oxidation  reae- 
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tions  is  known  which  proceed  readily  by  electrolysis  but  which  do  not 
take  place  under  the  chemical  action  of  hydrogen  j eroxi  e  added  to  the 

solution. 

Sunning  up  it  can  be  said  that  the  theories  which  regard  to  above- 
considered  oxidation  and  reduction  react  1 ons  ar  purely  chemical  reac¬ 
tions,  brought  about  by  some  active  int  rewtdiatf  product,  are  at  least 
one-sided.  It  is  not  possiole  t'o  reduce  *11  carer  of  chemical  oxidation 
and  reduction  reactions  to  a  single  rrechanisi  .  t  lr  possible  that  some 
reactions  really  procet  l  Lr.  accordance  with  such  schemes  but  the  cor¬ 
rectness  of  this  clfclm  ntus t  he  shewn  for  *vtrj  r  BfltiOfi  separately. 

Attention  shoula  be  given  10  the  r  of  action  of  ether  interme¬ 
diate  reducing  agents  or  oxldtntf  th  r  *  tousle  hydrogen  or  hydrogen  per¬ 
oxide.  Certain  metal  ions  existing  in  solution  in  several  oxidation 
stages,  such  as,  for  example,  the  ion*  of  tl  tB.nl  ua  or  chrcrrlun,  can  be 
such  intermediate  agents.  The  addition  of  such  si  is'ances  accelerates 
varicu3  electrode  reactions,  in  which  mainly  organ  1  *  substances  take 
part,  considerably  and  enable  rea  tions  to  take  cl  ace  which  do  not  pro¬ 
ceed  in  their  absence.  It  it  natural  to  vir  lalize  the  action  of  these 
substances  to  be  such  th  it  they  are  reduced  at  the  cathode  to  a  lower 
valency  and  then  interact  with  the  substance  to  be  reduced  which  for 
some  reason  Is  reduced  directly  at  the  cathode  only'  with  difficulty. 

The  intermediate  product  is  then  again  reduced  cathodicaily  so  that  the 
same  metal  ion  can  repeatedly  enter  into  reaction. 

The  reaction  of  the  reduction  of  c.t  lene  to  ethylene  which  takes 
place  in  presence  of  chromium  ions  fl^1  may  serve  as  an  example  of  such 
an  effect : 

at  the  cathode  Cr,4,-f-c— >Cr**. 

chemical  reaction  2Cr**  -f  2M*-i-C,li2— .'20* *•  C,JJ4. 

at  the  cathode  Cr***-;-v  >Cr »  etc. 
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As  follows  from  the  above,  it  Is  necessary  for  determining  the  me¬ 
chanism  of  oxidation  and  reduction  reactions,  as  in  the  case  of  hydro¬ 
gen  separation,  to  carry  out  an  all-sided  study  of  the  reaction  rates 
as  a  function  of  potential  and  composition  of  the  solution,  making  use 
if  possible  of  independent  data  on  the  adsorption  of  individual  compo¬ 
nents  on  the  electrode  surface.  To  obtain  such  data  is  one  of  the  fu¬ 
ture  tasks  of  electrochemical  kinetics. 


55.  REACTION  OP  ELECTROLYTIC  REDUCTION  OF  OXYGEN 


The  reaction  of  the  cathodic  reduction  of  dissolved  molecular  oxy¬ 
gen  is  encountered  in  a  large  number  of  important  processes,  for  exam¬ 
ple,  in  the  operation  of  galvanic  cells  with  electrodes  with  depolari¬ 
zation  by  atmospheric  oxygen,  in  the  corrosion  and  dissolution  of  met¬ 
als  in  presence  of  air,  etc.  This  reaction  has  been  studied  by  N.D. 
Tomashov  [17],  who  investigated  the  effect  of  the  electrode  material  on 
the  course  of  the  reaction,  by  Z.A.  lofa  [18],  V.S.  Bagotskiy  [19], 

A. I.  Krasil * shchikov  [20]  and  others  and  we  have  some  information  on 
its  mechanism. 

The  summary  reaction  of  the  reduction  of  oxygen  can  be  visualized 
in  the  following  form: 

in  acid  solution  Oa-f- 4c  +  «H*-* 211,0. 

in  alkaline  solution  Oa-He-f 211,0—*. ‘10H-, 

J.e.,  four  electrons  participate  in  the  summary  reaction.  The  entire 
reaction  can  be  divided  into  two  two-electron  stages  with  intermediate 
formation  of  hydrogen  peroxide 


0, 


4.2*-t2U« 


ha 


+  2c  T  211' 


211,0. 


(D) 


As  indicated  previously  (§3),  hydrogen  peroxide  under  these  condi¬ 
tions  is  a  thermodynamically  unstable  intermediate  product  and  can  ac- 
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cumulate  in  measurable  quantitta*  only  for  kir.ttj  reasons.  fh«  forma¬ 
tion  of  hydrogen  peroxide  is  observed  fiui-lng  the  cathodic  reaction  of 
oxygen  reduction  only  on  certain  electrodes  (mercury,  silver,  aluminum, 
activated  carbon  and  some  others),  nl.c  small  luantities  of  peroxide 
are  obtained  on  other  electrodes  ana  script  ;  no  a  Its  presence  cannot  be 
detected  at  all. 

The  first  stage  of  the  reduction  of  xyge  is  the  state  of  reduc¬ 
tion  to  the  peroxide  which  has  teen  t  di  ' n  neatest  detail  on  mer¬ 
cury  and  sliver  c  lcctivdes  .  The  phororiena  observed  on  both  these  elec¬ 
trodes  In  acid  and  alkaline  medium  ’  fer. 

Polarization  measurements  In  a  4  ’  s  lu’l  ni  give  a  linear  rela¬ 
tionship  between  potential  and  log^r-  in  cr  cumv  ‘  density.  The  slope 
factor  of  the  curves,  as  for  the  reaction  of  hydrogen  separation,  Is 
close  to  2RT/F.  The  polarization  measurement  a  Bnrot  be  continued  to 
high  current  densities  because  in  con  equencr  cf  tie  low  solubility  of 
oxygen  in  aqueous  solution  the  concentration  po„  irization  begins  to 
show  its  effect  fairly  soon. 

Lov/ering  cf  the  partial  pressur  f  u  e  oxyg»  r ,  shifts  the  reduc¬ 
tion  potential  to  the  negative  side,  and  the  coefficient  (3^/3  In  p0  ) ^ 

Ct 

which  is  also  close  to  2R7/F,  can  be  found  from  the  magnitude  of  this 
shif4-.  This  relationship  has  been  confirm-  d  over  a  wide  range  of  meas¬ 
urements  of  oxygen  pressure  from  70  t  0.01  atm. 

The  question  of  the  dependence  of  the  'eduction  potential  on  the 
pH  of  the  solution  is  of  great  inter'-,  *  he  determination  of  the 

reaction  mechanism.  In  weakly  acid  an  In  neutral  solutions  (in  the  pH 
range  from  2-3  to  8)  the  reductio.  ^Ccr.tial  fo  -  the  silver  and  mercury 
electrode  is  independent  of  the  pH;  at  large  pH  values  the  reduction 
potential  is  shifted  to  the  negative  side  and  the  process  begins  to 
proceed  in  accordance  with  other  laws  which  will  be  described  further 
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Pig.  88.  Halfwave  potential  of  the  reduction  of  oxygen  to  hydrogen  per¬ 
oxide  on  the  mercury  electrode  as  a  function  of  the  pH  of  the  solution: 
1)  0.1  N  K^POjj  +  H^Ojj  (or  KOH)  +  0.^5  N  KBr  +  0.^5  N  Na2S0^;  2)  0.1  N 

K^POjj  +  H2S0lj  (or  KOH)  +  0 . 9  N  KC1 ;  3)  0. 1  N  K^O^  +  HpSO^  (or  KOH)  + 

+  0.9  N  NapSOjj.  A)  Volt  (n.v.e.). 


on.  In  strongly  acid  solutions  a  certain,  although  weak  dependence  of 
the  reduction  potential  on  the  pH  is  evidently  also  observed  (see  Fig. 
88 ,  curve  3) . 

The  experimental  data  in  the  medium  pH  range  can  thus  be  expressed 
by  the  equation 

v„a  +  H«Eln[0,]-^in/  (230) 

or 

(230a) 

The  equality  of  the  coefficients  3<p/3  In  i  for  the  reactions  of 
cathodic  hydrogen  separation  and  for  the  reactions  of  oxygen  reduction 
cannot  in  itself  serve  as  an  unequivocal  indication  that  both  these  re¬ 
actions  are  based  on  the  same  mechanism,  because,  as  has  been  shown  in 
Chapter  3>  such  values  of  3<P/3  In  i  can  be  due  to  a  delay  of  the  elec¬ 
trochemical  stage  of  the  reaction  (i.e.,  the  discharge  or  ionization 
stage)  as  well  as  the  delay  of  other,  nonelectrochemical  stages,  if 
they  take  place  on  a  nonhomogeneous  metal  surface  or  if  the  surface  is 
occupied  to  a  significant  degree  with  adsorbed  atoms  or  molecules. 
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However,  in  the  c  ire  of  4  ne  r'  :li'  of  ox yprei  reductic  on  the 
mercury  or  silver  electrode  the  factors  f  occupation  or  inhonogenel t,\ 
of  the  surface  are  excluded.  The  abs* nc^  of  any  effect  of  the  surface 
occupation  follows,  in  particular,  from  the  experimental  fact  that  the 
reaction  rate  at  a  given  potential  ‘s  proportional  to  the  partial  oxy¬ 
gen  pressure  above  the  solution  (K.PVnh,  i.  t  iat  the  re->r«H  on  pro¬ 
ceeds  in  accordance  with  the  Kinetic  laws  ofl  a  first-order  reaction 
over  a  relatively  wid°  range  cf  purtia.  oxygen  pressures.  Such  an  or¬ 
der  In  the  case  of  heterogeneous  reactions  is  normally  observed  only 
when  tiie  surface  concentration  cr  th.  •  d.  orb *  d  reacting  substances  is 
proportional  to  their  volume  e  >neentration ,  .c.,  n  the  initial  part 

of  the  adsen  tion  isotherm  4n  prest-r  ■  ■  f  1  *  gh<  a  sorption.  In  the 
case  cf  the  reduction  of  oxygen  this  ordci  C  tiv  reaction  means,  first, 
that  the  surface  concentration  of  adsorbed  o  ygc  is  low  and  propor¬ 
tional  to  its  volume  concentration,  and  second,  -oat  oxygen  molecules 
and  net  atoms  participate  in  the  delayed  react!  n  tage.  Further,  as  is 
evident  from  Eq .  (2?0a)  ,  neither  hydrogen  ion  nor  atoms  take  part  in 
the  elementary  act  of  the  electroche.oi  ,al  •  r  cess. 

Thus,  the  abovc-innl  cated  experimental  laws  can  be  explained  only 
hy  the  assurption  that  4 nt  stage  of  lectron  addition  to  an  oxygen 
molecule  witn  f  rnation  cf  the  negatively  charged  ion  0^  is  the  delayed 
stage 

Oj-t  c  — >  OJ.  fr?) 

i.e.,  the  electrochemical  reaction  in  -  .  t  i#  molecular  oxygen  takes 
part  (possibly  adsorbed  on  the  electrode  urface)  but  in  which  the  hy¬ 
drogen  does  not  participate  .  ► 

The  assumption  concerning  the  existence  of  the  molecular  ion  0^ 
has  been  advanced  earlier,  In  particular,  in  connection  v.ith  the  inter¬ 
pretation  of  the  kinetics  of  the  catalytic  decomposition  of  hydrogen 
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peroxide  and  photochemical  processes.  The  ion  Op  can  be  regarded  as  the 
anion  of  the  unstable  acid  HOp.  As  the  works  of  I. A.  Kazarnovskiy  and 
co-workers  showed  in  particular,  the  nonhydratcd  ion  Op  forms  part  of 
the  higher  oxides  of  the  alkali  and  alkaline  earth  metals,  for  example, 
KOp  [21 J. 

if  we  follow  the  general  concepts  of  the  theory  of  inhibited  dis¬ 
charge,  taking  into  account  the  influence  of  the  structure  of  the  doub¬ 
le  layer,  the  rate  of  the  reaction  rate  (E)  can  be  expressed  by  the 
equation 

i  =  A[0,]c  ur  ,  (231) 

where  a,  as  previously,  is  a  coefficient  which  assumes  a  value  between 
zero  and  unity.  If  we  take  a  as  equal  to  0.5,  and  consider  ^  to  be  ap¬ 
proximately  constant,  Eq.  (231)  coincides  with  Eq .  (230a),  i.e.,  re¬ 
flects  correctly  the  kinetic  laws  observed  in  weakly  acid  and  neutral 
solutions . 

The  assumption  of  a  delay  of  the  electrochemical  stage  (E)  is  sup¬ 
ported  by  several  consequences  of  Eq.  (231).  Of  special  interest  is  the 
influence  of  adsorbed  surface-active  ions  (for  example,  the  ions  Cl"*  or 
Br~)  on  the  kinetics  of  oxygen  reduction  at  the  mercury  electrode.  As 
follows  from  the  data  presented  in  Fig.  88,  curve  2,  the  presence  of 
chlorine  ions  in  a  concentration  of  0.9  equ/liter  at  pH  <  9  causes  a 
shift  of  the  oxygen  reduction  potential  to  the  negative  side  of  0.075  v 
compared  with  the  reduction  potential  in  sulfate  solutions.  This  phe¬ 
nomenon  can  be  accounted  for  by  the  influence  of  the  ijij  potential, 
which  Is  made  more  negative  by  adsorption  of  anions.  As  follows  from 
the  electrocapillarity  measurements,  the  ^  potential  varies  by  — 0.080 
v  when  going  over  from  sulfates  to  chlorides.  Solving  Eq.  (231)  for  <P  , 


(23  2) 


PT ,  ,  ,  RT  .  rr  ,  «r .  . 

V  ,/  •>*  .  Vrh-a;  l»l<  ,1- 

It  is  easy  to  see  that  at  constant  current  density  the  variation  of  the 
i  potential  should  correspond  to  the  variation  of  rhe  electrode  poten¬ 
tial  in  the  same  direction  i  ty  thf  r  cum  amount  which  is  very  well 
confirmed  by  the  above-given  experimental  data.  In  presence  of  strongly 
cdsorbed  ions,  such  as  I"  or  CM”,  tW  xyg-  n  reduction  potential  is 
shifted  to  the  negative  side  by  sot  tenth  of  a  volt  [371- 

The  reactive  an"  o:i  03  readily  reacts  further  with  hydrogen  ions 
and  with  a  second  electron  wit?  i  r.  in  hydrogen  peroxide 


G*  4-  K'  &  HO»„ 
i  lO,  -  ,  »Q,  , 
1  .Oj*  -p  »  i  *  i  -  I  I;1  V 


(F) 


O 


It  can  be  assumed  that  the  equilUr'  n 

OS  ,  2 H‘  +  e  rz  U,0:. 

t 

is  established  between  the  ion  OZ  and  the  peroxide  molecule.  It  follows 

£- 

from  this  that  the  concentration  of  the  ion  0~  in  the  solution  at  the 
given  potential  is  determined  by  the  equation 

[OJ]  -  A'  ‘.-‘f-’1  -  A '  { HA]  [<  >1 H’.  (233) 

In  strongly  acid  medium  where  the  hydrogen  ion  concentration  is 
high,  it  is  possible  that  the  hydrogen  ion  also  participates  ir.  the 
stage  of  electron  addition  to  the  oxygen  i  olecule  (K)$  in  this  case  the 
free  '*adical  HO^  should  be  obtained  directly.  Naturally  the  participa¬ 
tion  of  the  hydrogen  ion  in  the  delayed  stage  causes  a  certain  depend¬ 
ence  of  the  reduction  pot  ntial  on  u 

Ci  considerable  interest  are  ti.e  r*  ularities  observed  during  the 
reduction  of  oxygen  in  alkaline  coitions.  In  this  case  the  polariza¬ 
tion  curves  on  a  semi logarithm! c  scale  are  straight  lines  with  a  slope 

o 

factor  of  30-^0  mv.  With  unit  increase  in  pH,  the  reduction  potential 
is  shifted  to  the  negative  side  by  approximately  58  mv  at  pH  <  11  and 
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by  2 9  mv  at  higher  pH  values  (see  Fig.  88).  This  regularity  can  be  ex¬ 
plained  in  two  ways.  If  it  is  considered  that,  as  in  acid  solution,  the 
electrochemical  stage  is  delayed,  it  follows  from  the  slope  factor  of 
the  polarization  curves  that  the  reaction  of  addition  of  the  second  and 
not  the  first  electron  should  be  delayed,  i.e.,  the  electrochemical 
stage 


and  not  the  stage 


HO,  +  e  -►  HO,', 


(G) 


Oa-j-c  —*■  Of 


(E) 


with  the  subsequent  reaction 

OJ  +  H*  —  HO,  (H) 

Indeed,  to  an  inhibited  stage  (G)  would  correspond  a  reaction 
rate  of 

/  =  (23*0 


where,  as  previously,  0  <  a  <  1.  If  it  is  assumed  that  the  formation  of 
HC>2  according  to  the  reactions  (E)  and  (H)  takes  place  rapidly  compared 
with  the  subsequent  reduction  according  to  (G),  the  HO^  concentration 
Is  determined  by  the  equilibrium  conditions 

lH01l-/Cl[0,](H*J<r*f  (235) 

Substituting  this  value  into  (23*0,  we  find  for  the  reaction  rate 


<236) 

and  for  the  potential 

»  “,-irb ln  *'  +  <T+i)f ln  I°.m  -  (t£jt  <237) 

As  follows  from  this  conclusion,  the  inhibition  of  the  addition  of 
the  second  electron  in  the  two-electron  process  gives  a  value  of  the 
slope  factor  of  the  polarization  curves  between  RT/2F  and  RT/F ,  i.e., 
when  decadic  logarithms  are  used,  between  29  and  58  mv.  This  interpre¬ 
tation  of  the  kinetics  of  oxygen  reduction  in  alkaline  medium  has  been 
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proposed  by  A. I.  Krasil 'shchlkov  fot  t  -  eas  of  the  silver  electrode 

[20]. 

A  comparison  between  the  oxygen  reduction  potential  and  the  ther¬ 
modynamic  equilibrium  potential  of  the  system  0o/H-,0~.,  however,  leads 

c  c  c 

to  the  conclusion  that  the  overvol  e  of  tie  process  of  oxygon  reduc¬ 
tion  to  hydrogen  peroxide,  at  least  in  the  cast  of  the  mercury  elec¬ 
trode,  is  very  low  in  alkaline  medium,  ana  rl  at  th ■  polarisation  phe¬ 
nomena  observed  in  this  case  are  mainly  due  to  concentration  polarisa¬ 
tion  and  not  to  a  deiay  cf  the  actual  electrochemical  stage.  Hits  means 
that  under  these  condition  the  •  root  is  vi  ry  cl  me  to  reversible  and 
that  during  passage  of  current  the  equlMli  of  the  system  0.,/HpOp  is 
hardly  affected.  The  observed  variation  f  the  r  'danism  of  the  process 
upon  transition  from  acid  to  alkaline  solutions  is  easily  accounted 
for.  Indeed,  according  to  Eq.  (233),  the  stationary  concentration  of 
the  Op  ions  in  the  solution  Increases  with  the  pH.  The  rate  o°  the  re¬ 
action 

o;  —  O,  a.  e.  ( I ) 

whi^h  is  the  reverse  of  reaction  (E),  should  incr  se  in  the  same  pro¬ 
portion.  At  a  certain  pu  th<>  rate  t  of  th^  anodic  reaction  (I)  becomes 
comparable  to  the  rate  of  the  cathodic  reaction  (E),  and  the  system 
Op/H^Op,  because  of  the  increase  in  the  exchange  current,  becomes  re¬ 
versible  . 

As  a  quantitative  calculation  indicates,  the  transition  of  this 
system  from  the  irreversible  to  the  ~e  vi',  ue  stat  begins  on  the  mer¬ 
cury  electrode  at  pH  values  clos  to  9-  Ii  the  reversible  state  the 
electrode  potential,  l.e.,  he  po’e:  Val  cf  xygen  reduction,  varies 
upon  increase  in  pH  in  the  same  manner  as  the  potential  of  the  reversi¬ 
ble  oxygen-peroxide  electrode.  This  variation,  as  readily  derived  from 
the  general  thermodynamic  relations  for  the  potential  of  reversible 


electrodes,  is  58  mv  per  unit  of  pH  up  to  pH  values  of  11,  and  29  mv 
per  unit  of  pH  in  more  alkaline  solutions  (in  which  the  hydrogen  perox¬ 
ide  is  present  in  the  form  of  HO^  ions.  The  slope  of  the  polarization 
curves  in  alkaline  solutions,  according  to  the  laws  of  concentration 
polarization,  should  be  29  mv.  All  these  conclusions  are  quantitatively 
confirmed  by  the  experimental  data. 

It  must  be  pointed  out  that  the  interpretation  of  the  laws  ob¬ 
served  in  alkaline  solutions  is  a  consequence  of  the  basic  assumption 
on  the  delay  of  the  stage  (E)  in  weakly  acid  and  neutral  solutions  and 
does  not  require  any  new  assumptions.  The  good  agreement  of  the  experi¬ 
mental  data  obtained  in  alkaline  solutions  with  these  conclusions  is 
thus  an  additional  confirmation  of  the  correctness  of  the  concept  of 
the  delay  of  the  electrochemical  stage  of  the  formation  of  the  molecu¬ 
lar  oxygen  ion.  The  approximation  of  the  system  oxygen/hydrogen  perox¬ 
ide  from  the  irreversible  state  to  the  reversible  upon  increase  in  the 
pH  is  also  observed  on  the  carbon  electrode. 

The  second  stage  of  the  reduction  of  oxygen,  the  reduction  of  the 
hydrogen  peroxide  to  water,  has  been  studied  in  less  detail.  A  typical 
feature  of  this  stage  is  the  large  slope  coefficient  39/3  lg  i  which  is 
220-2^0  mv  (in  decadic  logarithms)  which  corresponds  to  a  value  of  a  In 
the  kinetic  equation  of  nearly  0.25.  The  absolute  magnitude  of  the  co¬ 
efficient  39/3  lg  [H^O^]  is  also  close  to  this  value.  This  signifies 
that,  as  in  the  case  of  oxygen,  the  rate  of  the  reaction  of  hydrogen 
peroxide  reduction  at  a  given  potential  is  proportional  to  the  concen¬ 
tration  of  this  substance. 

In  acid  solutions  and  up  to  pH  values  of  11,  the  reduction  poten¬ 
tial  of  hydrogen  peroxide  is  independent  of  the  pH  of  the  solution;  in 
more  strongly  alkaline  solutions,  a  marked  shift  of  the  potential  to 
the  negative  side  is  observed. 
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Tho  kinetic  laws  over  the  et "  lr  t  ’-ars  including  also  alkaline 
solutions)  are  completely  covered  by  U;"  equal" 

?  “  a  +  ~r  ln  - '  r ln , * Fj  +  k,—  ~~,ruu‘  (238) 

where  Ku  n  is  the  dissoci  al '  on  constant  of  hydro** n  peroxide  and  o., 

a2u2  *2(  ? 
is  its  total  analytical  concentration  (dis  cci»t*d  and  undissociat.^d 

parts).  Taking  into  account  that  th*  conoentratl on  of  the  undissociated 

hydrogen  peroxide  molecules  [H-,0  ']  ed  by  the  relation 

[HpOp]  *  [H+]  h  0„/( l H+ ]  +  K,  ,  found  experimentally,  Eq .  (?3$)  can 

be  rewritten  in  the  form 


4y—  tl  IjO, ,  —  '-K~-  In  i 


(239) 


or 

/  * 

“lf  (2U0) 

These  laws  are  completely  accounted  for  by  tl e  assumption  that  the 
delayed  stage  in  the  process  of  hydrogen  peroxide  reduction  is  the 
stage  of  electron  addition  to  ‘he  hydrogen  peroxide  molecule.  As  in  the 
case  of  reduction  of  ‘-he  mol  c  lie  ,  ‘•his  st  tgc  takes  place  without 
participation  of  hydrogen  ions  in  consecuenc  of  wi  i cn  the  reduction 
potential  is  independent  of  tho  pH  in  acid  solutions.  The  addition  of 
an  electron  to  a  hydrogen  peroxide  molecule  probably  is  accompanied  by 
a  simultaneous  splitting  of  the  molecule  into  an  ion  and  the  free  hy¬ 
droxyl  radical 

WA  +  «  —  OH  ~o:r  (k ) 

Even  in  alkaline  solutions,  in  ’  ‘Ke  hydrogen  peroxide  is 

strongly  dissociated,  undissoclat*  no  ales  ire  not  hydrogen  peroxide 

ions  are  subjected  to  cathodic  r  due  icn.  Th*  shift  of  the  reduction 
potential  of  the  peroxide  to  the  negative  side  in  alkaline  solutions  is 
thu3  due  to  the  decrease  in  the  concentration  of  the  undissociated 
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molecules  with  increase  in  the  pH  of  the  solution.  The  more  difficult 
reduction  of  the  peroxide  ions  compared  with  the  reduction  of  the  mole¬ 
cules  is  probably  explained  by  the  fact  that  the  negative  peroxide  ions 
are  repelled  from  the  electrode  surface  which  is  also  negatively 
charged  (see  §6). 

The  summary  reaction  of  the  reduction  of  molecular  oxygen  to  water 
also  proceeds  via  a  different  pathway,  in  addition  to  that  given  in  the 
scheme  (D);  for  example, 

*  20JJ1C  i 

0,nc-;-2H*  +  2c  ->  HJD  j  ’  (L) 

In  this  case  the  intermediate  product  is  not  hydrogen  peroxide 
but  the  adsorbed  oxygen  atom.  The  reduction  of  oxygen  on  carbon  under 
certain  conditions  can  also  proceed  in  accordance  with  the  scheme  (L) 
[22];  the  same  is  possibly  the  case  with  some  other  electrodes. 


§6.  REACTIONS  OF  ANION  REDUCTION 

Many  Inorganic  anions  (for  example,  CrOjj” ,  MnO^,  AsO~  ,  BrO“, 

10*^,  S^O^-)  are  reduced  at  the  cathode.  The  process  of  anion  reduction 
Is  interesting  because  the  negative  charge  of  the  particle  which  is  re¬ 
duced,  In  cases  when  the  electrode  surface  Is  also  negatively  charged, 
superposes  certain  specifics  on  its  kinetics. 

Some  anions  such  as  NO^  and  NO^  can  be  reduced  at  the  mercury 
electrode  under  normal  conditions  only  at  very  large  negative  poten¬ 
tials.  If,  however,  a  small  quantity  of  salts  with  polyvalent  cations 
(for  example,  salts  of  Ba++,  La+++  or  Th++++)  are  added  to  the  solu¬ 
tion,  the  reaction  of  reduction  of  these  ions  is  facilitated,  its  rate 
being  the  greater,  the  higher  the  concentration  and  valency  of  the  add¬ 
ed  cations*  [ 40 ] .  In  the  case  of  the  anions  BrC^  and  10^  the  addition 
of  multivalent  cations  also  accelerates  the  reaction  considerably, 
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i.e.,  it  reduces  the  overvoltage  it  u  •  r  J  r  'urr*  t  i  density. 

The  peculiarities  of  the  electrolyt’"  reduction  of  aniens  are  more 
clearly  apparent  in  the  ease  of  the  reduction  of  ? pr' '  on  the  mercury 
electrode,  first  studied  by  T.A.  Kryul  -"  i  [  •  h  rure  89  gives  the 

cathodic  polarisation  curve  for  the  r,r  t  4  .n  amalgam  electrode  in  di¬ 
lute  K  ,320q  solution.  As  can  b*  sect  fr  n  his  'a gram,  the  process  of 
reduction  of  the  S^Og”  ion  in  tl1s  solution  5«glns  at  a  potertial  close 
to  the  n.k.e.  potential;  if  the  j  lari  sat  Ion  ir  increased  the  limit 
diffusion  current  is  sooi  attained  which  depends  only  on  the  concentra¬ 
tion  of  these  ions  in  the  o  ution.  i  ar,  'f  be  cathode  potential 

is  increased  further,  the  reduction  cu  t  cere  .  -  sharply  (curve 
and  drops  to  a  very  low  value.  ;ve-  i  j  tit  range  the  reduc¬ 

tion  process  Is  markedly  delayed.  Only  af  strong  ;  negative  potentials 
it  Is  again  accelerated  and  a  new  rise  of  the  current  Is  observed  in 
the  polarisation  curve  to  values  corresponding  t  the  limit  diffusion 
current  of  the  S^Og-  ions. 

The  sudden  decrease  in  current  '  4  ns  a4  ^  potential  which  Is 
s Tightly  nor#  negative  than  the  potential  "he  -sero  charge  point, 
i.e.,  —0.5  v  ( n . k . e . ) . 

Addition  of  an  indifforer  electrolyte  has  the  consequence  that 
the  current  drops  much  less  suddenly:  thu~,  if  the  concentration  of  the 
’Ja^SO^  in  the  solution  is  sufficiently  high,  a  current  drop  is  not  ob¬ 
served  at  all,  and  the  curve  of  the  reduction  assumes  the  normal 

form  (curve  1).  In  this  case  also  the  of  Ine  added  electro¬ 

lyte  is  apparent  at  lower  concentrati  .  ~  1j  t»e  valency  of  the  cation 
is  greater. 

The  above-described  phenomena  ca>  be  e xplained  by  the  action  of 
repulsion  forces  between  the  negatively  charged  metal  surface  and  the 
anions  [2*0.  These  repulsion  forces  are  na'urallj  manifested  only  in 


Pig.  89.  Polarization  curves  of  the  reduction  of  the  SpOp“  ion  from 

K2S2°8  solutions  in  presence  of  different  quantities  of  Na^SO^  (on  the 

rotating  amalgam  electrode);  <?K  c  Q  =  10~3  equ/liter.  The  Na  .,30^  con- 

2  2  8 

centrations  are:  1)  1  N;  2)  0.1  N;  3)  0.008  N;  H)  0.  The  rate  of  rota¬ 
tion  of  the  electrode  is  m  -  3*8  rps  (the  potentials  were  measured  rel¬ 
ative  to  the  normal  calomel  electrode). 

the  range  of  potentials  which  is  more  negative  than  the  potential  of 
the  zero  charge  po;.nt.  If  the  reduction  process  begins  at  a  more  posi¬ 
tive  potential,  as  in  the  case  of  S^Og”  ions,  the  attraction  forces  are 
replaced  by  repulsion  forces  after  the  zero  charge  potential  has  been 
passed,  and  the  process  may  cease  or  at  least  slow  down.  In  other  cas¬ 
es,  when  the  process  does  not  begin  until  the  zero  charge  potential  has 
been  reached,  the  presence  of  repulsion  forces  at  more  negative  poten¬ 
tials  inhibits  the  process  so  that  it  either  does  not  take  place  at  all 
or  takes  place  only  at  very  strongly  negative  potentials  (NO~,  BrO“). 

The  influence  of  the  negative  surface  charge  on  the  anions  can  1 c 
manifested  in  a  different  manner  depending  on  the  rate  of  the  electro¬ 
chemical  discharge  stage.  If  this  stage  is  slow,  the  effect  of  the  re¬ 
pulsion  forces  is  only  to  lower  the  concentration  of  the  reacting  par¬ 
ticles  in  the  surface  layer,  and  the  pattern  of  the  phenomenon  becomes 
to  some  degree  similar  to  that  observed  during  the  discharge  of  hydro¬ 
gen  ions  in  presence  of  adsorbed  cations.  Thus,  for  example,  at  a  con- 

g\ 

w  centratlon  [S^OgJg  the  S2®8~  ion  in  the  sur^ace  layer  the  relation 

iSA'l.*=[s1or)fw 
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(2*11) 


Applies . 

The  rate  of  discharge  of  the  S^Og-  ion  under  the  simplest  assump¬ 
tions  should  be 

<  =  A:  IS=0„*-],  r  *®  =  /,*  e’  <“  c  “r 

Thus  a  negative  value  of  the  potential  reduces  the  rate  of  dis- 

± 

charge  of  the  anion,  this  effect  t  *ing  particularly  pronounced  because 
the  v ^  potential  enters  Into  tht  numerator  with  the  factor  (2  +  c^, 
i.e.,  both  effects  produced  by  It  ( the  lowering  of  the  concentration  of 
the  Ion  and  the  reduced  effect  of  the  "leld  of  tnc  double  layex-  on  the 
activation  energy)  are  sup*  rpoec  i.  evident  free  Iq .  (2^2)  the  in¬ 

fluence  of  the  field  on  the  rate  of  the  anion  reduction  reaction  is  ex¬ 
pressed  by  the  product  of  two  factors  ecu'  lined  i:i  the  right  part  of 
Eq .  (2^2).  If  the  negative  values  of  the  potential  increase,  th“  fac¬ 
tor  increases  monotonously  which  also  determines  the  accelera¬ 

tion  of  the  reaction,  observed  with  the  usual  dependence  of  reaction 
rate  on  potential.  The  right  part  of  Eq .  (2*'2),  however,  contains  an¬ 
other  factor  *T  which  decrease;:-  with  increasingly  negative 

values  of  <P.  Thus  increase  of  th«  cathode  polarization  causes  a  varia¬ 
tion  of  these  factors  in  opposite  senses  and  the  trend  of  the  quantity 
i  depends  on  which  of  then  afft-cts  it  more  strongly. 

As  we  know  from  §3  of  the  Introduction,  the  quantity  varies 
partic tlarly  strongly  with  variation  of  the  quantity  T  near  the  zero 
charge  point,  hence,  as  calculation  shows,  C  decreases  near  this  point, 
if  the  potential  is  shifted  to  the  n*get iv#  side.  Conversely,  at  a  con¬ 
siderable  distance  from  the  zero  char  <  point  at  large  negative  values 
of  T  the  quantity  ^  varies  little  with  ^  and  the  trend  of  i  is  mainly 

/  *">  rrt 

determined  by  the  factor  e~  ‘  T’:  1  which  i~  also  the  reason  for  the  sec¬ 

ond  rise  of  the  quantity  i.  If  the  electrochemical  discharge  reaction 


L) 


*  K 


350  - 


Is  rapid,  in  presence  of  a  negative  ^  potential  the  penetration  of  the 
anion  to  the  electrode  surface  through  the  diffusion  part  of  the  double 
layer  can  become  the  slow  stage  of  the  reaction,  requiring  an  activa¬ 
tion  energy  which  is  greater  if  the  ^  potential  (in  absolute  magni¬ 
tude)  is  higher.  In  this  case  the  second  rise  with  further  shift  of  the 
potential  to  the  negative  side  is  no  longer  possible  [iJl].  In  either 
case  the  addition  of  a  foreign  electrolyte,  which  lowers  the  absolute 
value  of  the  ^  potential  and  thus  reduces  the  magnitude  of  the  repul¬ 
sion  forces,  should  increase  the  reaction  rate.  Particularly  effective 
in  this  sense,  as  is  also  observed  in  the  experiment,  should  be  poly¬ 
valent  cations  which  not  only  lower  the  absolute  values  of  the  ^  po¬ 
tential  but  also  reverse  its  sign. 

An  anomalous  trend  of  the  polarization  curves,  like  that  described 
here,  is  also  observed  during  the  reduction  of  S  Jg“  on  cathodes  of  Cd 
and  Pb  and  also  during  the  reduction  of  various  other  anions  on  the  Hg 
electrode,  as,  for  example,  the  ions  Fe(CN)~  ,  PtClg”,  PtCNO^)^-,  etc. 

§7.  REACTIONS  OF  THE  REDUCTION  OF  ORGANIC  COMPOUNDS 

Several  thousand  oxidation  or  reduction  reactions  are  described  in 
the  literature  which  take  place  with  participation  of  organic  substanc¬ 
es.  Electrochemical  reactions  assume  ever  increasing  Importance  for  the 
synthesis  of  new  organic  substances,  for  qualitative  and  quantitative 
analysis  and  also  for  the  study  of  various  peculiarities  of  the  struc¬ 
ture  of  organic  substances.  However,  detailed  systematic  investigations 
on  the  influence  of  different  factors  on  the  kinetics  of  the  process 
nave  been  carried  out  to  date  only  for  a  small  number  of  such  reactions. 

An  example  of  a  relatively  simple  and  fairly  well  studied  reaction 
is  the  reduction  of  oxalic  acid  at  the  mercury  electrode  to  glyoxalic 
acid.  This  reaction  proceeds  in  accordance  with  the  equation 


(coo:  k)a  -r-  2:  :•  ->  coon  choh-MjO. 

£  study  has  been  made  of  the  reduction  potential  of  this  reaction 
as  a  function  of  the  concentration  of  the  components  in  the  solution 
and  the  current  density  on  the  amalgamated  lead  [^2]  and  the  mercury 
drop  electrode  [25 ]•  It  follov.'s  from  the  results  of  the  last  measure¬ 
ment  that  the  reduction  potential  varies  linearly  with  the  logarithm  of 
the  current  density,  the  slope  factor  —  (3<P/->  lg  t  of  the  polarizati  n 
curve  being  0.090  —  0.100  v  (in  the  pH  range  from  1.5  to  *0  .  The  ob¬ 
served  dependence  of  tie  reduction  potential  cn  the  total  concentration 
of  the  oxalic  acid  and  the  hydrogen  ion  concentration  is  complex.  If, 
hovever,  one  calculates  the  reduction  potential  not  as  a  function  of 
the  total  oxalic  acid  concentration  bat  of  the  concentration  of  the  un~ 
dissociated  molecules  (which  naturally  depends  on  the  pH  of  the  solu¬ 
tion  at  constant  total  concentration) ,  a  constant  value  is  found  for 
the  coefficient  a<P/3  lg  [H^C'20^]  close  to  0.100  v.  Further  it  is  found 
that  at  constant  concentration  of  the  undi: sociated  molecules  the  re¬ 
duction  potential  is  independent  of  the  pH  of  the  solution  (within  the 
indicated  pH  range).  Thus  the  measurement  results  can  be  expressed  by 
the  equation 

1  =  k  [H,Cj04]  e "“t ,  (2^3) 

vh^ro  k  ana  a  are  constants  (a  *  0.6). 

This  kinetic  dependence  can  be  explained  by  the  assumption  that 
the  addition  of  an  electron  to  the  oxalic  acid  molecule  is  the  rate-de¬ 
termining  step  in  the  pH  range  of  1.5  to  <!t  for  the  reduction  of  cxalic 
acid  at  the  mercury  electrode.  The  hydrogen  ions  do  not  take  part  in 
this  stage  and  only  later  they  combine  together  with  the  second  elec¬ 
tron  with  the  formed  icn-radlcal  with  formation  of  a  molecule  of  gly- 
oxalic  acid.  The  successive  stages  of  the  reduction  of  oxalic  acid  to 


-  352  - 


glyoxalic  can  be  represented  by  the  following  scheme: 
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The  fact  that  the  oxalic  acid  molecules  are  reduced  on  the  mercury 
electrode  more  easily  than  the  anions  of  this  acid  is  in  full  agreement 
with  the  statement  in  §6  concerning  the  reduction  of  negative  ions  at 
an  electrode  surface  with  like  charge.  It  should  be  mentioned  that  the 
glyoxalic  acid  can  be  further  reduced  with  formation  of  glycolic  acid 
CH  (OH)COOH.  The  radicals  formed  during  the  reduction  of  oxalic  acid 
can  also  dimerize;  the  reduction  of  the  dimerization  products  gives 
rise  to  the  formation  of  succinic  acid 

COOH-CHa-CH,— COOII. 

The  phenomena  involved  in  the  reduction  of  nitrocompounds  are  more 
complex.  It  has  been  mentioned  previously  in  §3  that  the  summary  proc¬ 
ess  of  the  reduction  of  organic  nitrocompounds  to  the  corresponding 
amines  takes  place  with  participation  of  six  electrons;  the  over-all 
process  can  be  divided  into  separate  two-electron  stages  with  formation 
of  nitroso  compounds  and  hydroxylamines  as  intermediate  products. 

A  large  number  of  investigations  carried  out  during  the  last  50 
years  have  shown  that  different  reduction  products  accumulate  on  dif¬ 
ferent  metals  as  a  result  of  electrochemical  reactions  [26].  Thus,  on 
zinc  or  mercury  electrodes  the  process  of  the  reduction  of  nitrobenzene 
goes  to  completion,  and  the  main  reaction  product  is  aniline.  On  elec¬ 
trodes  of  platinum  or  nickel  the  reduction  of  nitrobenzene  does  not  go 
to  completion,  and  a  mixture  of  intermediate  products  is  obtained  as  a 
result  of  the  reaction.  These  intermediate  products  form  various  new 
substances  (azo  and  hydrazo  compounds)  as  a  result  of  Interactions  be- 


tween  them  or  with  the  starling  materials.  Thus  a  complex  series  of 
different  redox  systems  is  obtained  during  the  reduction  of  ritro  com¬ 
pounds  instead  of  a  definite  redox  system.  The  production  and  accumula¬ 
tion  of  any  intermediate  product  obviously  depends  on  the  ratio  of  the 
reaction  rates  of  its  formation  ana  further1  trans format  ion . 

The  quantitative  study  of  the  kinetic  law.  of  the  reduction  01  or¬ 
ganic  nitrocompounds  is  difficult  because  of  the  comolexlty  of  this 
process.  For  this  reason  the  measurement  data  of  different  authors  are 
not  always  in  good  agreement. 

As  measurements  p a  ie  on  the  mercury  electrode  have  shown  the  rela¬ 
tionship  between  the  reduction  potential  and  the  logarithm  of  the  cur¬ 
rent  density  in  this  case  can  be  represented  by  an  equation  of  the  same 
type  as  for  other*  electrochemical  reactions,  with  the  slope  — (39/3  In  i) 
close  to  2 RT/F.  A  marked  influence  of  the  pH  of  the  solution  or  the  re¬ 
duction  potential  is  observed,  namely,  Increase  in  the  pH  by  unity 
shifts  the  potential  at  a  given  current  density  to  the  negative  side  1 
about  60  mv.  According  to  the  data  of  older  works  the  dependence  of  the 
rate  of  reduction  of  nitrobenzene  on  its  concentration  in  the  solution 
corresponds  to  a  constant  coefficient  39/3  In  a  ,  of  2RT/F  as  well  as 
in  the  case  of  the  coefficient  -(39/3  In  i). 

According  to  L.I.  Antropov  [27]  a  more  complex  dependence  of  the 
potential  on  the  concentration  of  the  nitrobenzene  is  observed;  the 
measurement  results  of  this  author  can  be  represented  by  a  kinetic 
equation  of  the  form 


a-~  In  i  -r^jtn  [H*]  -r™T-  In  ( l  +  *4!  c.)' 


(2iiU) 


Inis  kinetic  equation  can  be  interpreted  on  the  basis  of  the  assumption 
that  the  slow  stage  of  the  ^eduction  reaction  is  the  stage  of  interac¬ 
tion  of  a  molecule  of  nitre!. enzene  adsorbed  on  the  electrode  surface 


with  an  electron  and  a  hydrogen  ion.  The  more  complex  nature  of  the 
last  term  in  Eq .  (2*14)  is  explained  by  the  relatively  good  adsorption 
of  intro  compounds  on  the  surface  of  a  mercury  electrode  and  in  connec¬ 
tion  with  this  by  the  considerable  degree  of  occupation  of  the  elec¬ 
trode  surface  with  adsorbed  molecules.  Like  ether  authors,  L.I.  Antro¬ 
pov  observed  on  the  platinum  electrode  a  lower  slope  of  the  polariza¬ 
tion  curve  equal  approximately  to  RT/F.  The  data  obtained  by  this  au¬ 
thor  on  the  platinum  electrode  are  explained  by  him  by  means  of  the  hy¬ 
pothesis  that  the  nitrobenzene  molecule  is  reduced  by  hydrogen  atoms 
adsorbed  on  the  electrode  surface.  N.A.  Izgaryshev  and  A. A.  Petrova 
[9],  who  investigated  the  process  of  electrolytic  reduction  of  nitro- 
methane  on  electrodes  of  different  metals,  did  not  observe  a  parallel¬ 
ism  between  the  polarization  of  the  electrode  during  this  reaction  and 
during  hydrogen  separation.  On  this  basis  the  authors  arrived  at  the 
conclusion  that  the  process  of  reduction  of  nltromethane  is  due  to  a 
direct  interaction  between  the  adsorbed  nltromethane  molecules  and 
electrons  and  that  the  Intermediate  effect  of  the  hydrogen  atoms  at  the 
electrode  surface  is  not  very  probable. 

These  examples  show  that  the  rate  of  electrochemical  reactions  in 
which  organic  substances  take  part  can  be  limited  by  the  purely  elec¬ 
trochemical  stage  of  interaction  of  the  substances  being  reduced  with 
electrons  during  their  direct  contact  with  the  electrode  surface.  This 
conception  Is  in  contradiction  with  the  view  widely  held  in  the  older 
electrochemical  literature  according  to  which  every  electrochemical 
stage,  Involving  a  change  in  the  number  of  charges,  is  rapid  and  re¬ 
versible.  Indeed,  the  kinetic  laws  of  various  investigated  reactions  ul 
not  leave  any  doubt  that  the  process  of  transition  of  an  electron  to 
the  reacting  molecule  not  only  takes  place  slowly  in  individual  cases 
but  more  slowly  than  any  other  purely  chemical  stage  of  the  process.  In 
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some  cases  it  is  also  possible  to  observe  an  effect  of  the  position  of 
the  reduction  potential  relative  to  the  zero  charge  point  on  the  mech¬ 
anism  of  the  reduction  reaction  [10]. 

On  the  other  hand,  however,  a  number  of  reactions  is  known,  whose 
rate  is  indeed  limited  by  the  chem  cal  stages  which  are  thus  slower 
than  the  electrochemical  stage  proper.  Of  great  interest  is  the  case  in 
which  the  s)ow  stage  of  the  chemica]  transformation  precedes  a  rapid 
electrochemical  reaction.  Such  reactions  have  been  studied  in  recent 
years  by  the  Czech  researcher  Prdicka  and  co-workers  and  also  by  M.B. 
Neyman  [28],  Among  these  are  reduction  reactions  of  numerous  organic 
substances,  such  as,  for  example,  formalin,  certain  sugars,  etc.  If  a 
solution  containing  glucose  is  subjected  to  reduction  at  the  mercury 
drop  electrode,  a  small  polarographlc  wave  is  obtained  whose  height  is 
much  less  than  that  calculated  by  means  of  the  formula  for  the  limit 
diffusion  current  towards  the  drop  electrode  (Eq.  117).  With  increase 
in  the  temperature  the  limit  current  rises  sharply.  The  dependence  of 
the  limit  current  on  temperature  is  expressed  by  the  exponential  formu¬ 
la 

U=kc~“T.  (2'I5) 

These  experimental  laws  can  be  explained  by  the  assumption  that 
the  substance  being  reduced  is  present  in  the  solution  in  two  (for  ex¬ 
ample,  tautomeric)  forms  and  that  only  one  of  them  is  subject  to  cath¬ 
odic  reduction.  If  these  two  forms  were  in  equilibrium  and  this  equi¬ 
librium  were  established  quickly,  the  ex,,  ience  of  two  forms  should  not 
be  reflected  in  the  polarization  curve  of  the  reduction  reaction.  In¬ 
deed,  in  proportion  to  the  reduction  of  the  more  reactive  form  its  con¬ 
centration  should  remain  constant  owing  to  the  reaction  of  transforma¬ 
tion  of  the  unreducible  to  the  reducible  form. 
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In  the  cases  mentioned  in  the  foregoing,  however,  the  reaction  of 
the  chemical  transformation  is  delayed.  As  a  result  of  this  the  cnncen- 
tr *tion  of  the  reducible  form  is  only  partly  reestablished,  and  the 
limit  reduction  current  depends  on  two  quantities :  on  the  rate  of  dif¬ 
fusion  of  the  reducible  form  of  the  organic  substance  and  on  the  rate 
of  the  chemical  transformation.  If  the  rate  of  the  latter  is  very 
small,  the  limit  current  is  entirely  determined  by  the  rate  of  the 
chemical  reaction.  Because  the  rates  of  chemical  processes  are  connect¬ 
ed  with  temperature  by  an  exponential  law,  the  limit  current  under 
these  conditions  should  obey  the  same  law.  During  the  reduction  of  so¬ 
lutions  containing  anions  of  certain  weak  organic  acids,  the  rate  of 
the  process  evidently  depends  on  the  rate  of  the  reaction  of  formation 
of  the  acid  molecule  from  its  anion  and  a  hydrogen  ion  [28,  ^3J- 

§8.  OXIDATION  REACTIONS 

The  experimental  investigation  of  anodic  reactions  is  made  diffi¬ 
cult  by  the  circumstance  that  these  reactions,  depending  on  the  nature 
of  the  electrode  and  the  electrolyte  solution,  are  often  accompanied  by 
anodic  dissolution  of  the  electrode  metal  or  formation  of  oxide  films 
on  its  surface.  These  processes  cause  a  change  in  the  condition  of  the 
surface  which  makes  the  analysis  of  the  measurement  results  more  dif¬ 
ficult.  The  strong  dependence  of  the  kinetic  laws  on  the  surface  condi¬ 
tion  of  the  electrode  often  has  the  consequence  that  the  experimental 
data  of  different  authors  who  have  studied  the  same  anodic  reaction 
contradict  each  other  and  cannot  be  reconciled.  As  a  result  the  mechan¬ 
ism  of  the  anodic  reactions  in  redox  systems  has  been  elucidated  to  a 
much  lesser  degree  than  the  mechanism  of  the  cathodic  reactions. 

One  of  the  most  important  anode  reactions  is  the  reaction  of  oxy¬ 
gen  separation.  This  reaction  has  been  studied  in  acid  solutions  par- 
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ticularly  on  platinum  and  gold  electrodes;  other  rnetals  are  often  in¬ 
sufficiently  stable  in  acid  solutions.  Of  much  greater  practical  im¬ 
portance  is  the  separation  of  oxygen  from  alkaline  solutions.  In  this 
case  nickel  and  iron  (steel)  can  be  used  as  electrode  materials  because 
they  are  passivated  under  the  corresponding  conditions  in  alkaline  so¬ 
lution  and  are  not  subject  to  anodic  dissolution. 

The  overvoltage  of  the  process  of  oxygen  separation  on  platinum 
and  gold  is  relatively  large.  Lower  overvoltage  values  are  observed  on 
nickel  and  iron.  In  the  Investigation  of  the  reactions  of  oxygen  sep¬ 
aration  semilogaritnmic  polarization  curves  are  observed  in  some  cases. 
However,  in  contrast  to  the  process  of  cathodic  hydroren  separation  and 
other  electrochemical  reduction  reactions,  the  linear  dependence  of  the 
potential  or  overvoltage  on  the  logarithm  of  the  current  density  range. 
Some  sections  with  different  slope  are  frequently  observed  on  the  po¬ 
larization  curves  of  oxygen  separation;  in  some  cases  these  sections 
are  fairly  sharply  divided,  in  others  they  show  a  ~ontinuous  transi¬ 
tion.  A  typical  feature  observed  in  a  number  of  cases  of  oxygen  separa¬ 
tion  is  the  strong  dependence  of  the  electrode  potential  on  time  during 
polarization  witn  a  current  of  constant  density. 

The  polarization  laws  observed  on  electrodes  during  anodic  oxygen 
separation  I  op end  greatly  on  the  preceding  treatment  of  the  electrode 
surface,  in  particular,  or  the  duration  of  the  preceding  cathodic  or 
anodic  polarization  of  the  electrode. 

All  these  phenomena  indicate  that  "xyger.  separation  does  not  take 
piace  on  a  clean  metal  surface  but  on  a  surface  which  is  covered  to  a 
varying  degree  with  oxides,  which  i  easily  demonstrated  by  using  the 
method  of  recording  charging  curves,  described  in  §*J  of  the  Introduc¬ 
tion.  As  will  be  shown  in  Chapter  7,  the  presence  of  oxygen  atoms  on 
the  lectrode  surface,  even  in  very  small  quantities,  causes  a  marked 
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alteration  cf  the  kinetics,  mechanism  and  even  direction  of  the  elec¬ 
trode  reactions.  Hence  the  theoretical  interpretation  of  the  process 
of  anodic  oxygen  separation  is  impossible  without  taking  into  account 
the  sVirface  condition,  nature  and  properties  of  the  oxide  films  formed 
on  It. 

As  a  result  of  the  experimental  study  of  the  oxygen  separation  re¬ 
action  a  number  of  hypotheses  has  been  advanced  concerning  the  mechan¬ 
ism  of  its  course  and  the  possible  cause  of  the  appearance  of  an  over¬ 
voltage.  Nearly  all  theories  connect  the  process  of  oxygen  separation 
with  an  intermediate  formation  of  higher  oxides  of  the  metal  which 
serves  as  the  electrode,  which  has  already  been  pointed  out  by  N.P. 
Sluginov  [M],  According  to  these  ideas,  there  are  two  main  stages  of 
the  process  of  oxygen  separation:  the  stage  of  interaction  between  the 
discharged  oxygen  atom  (hydroxyl  ion)  with  metal  atoms,  as  a  result  of 
which  a  higher  oxide  is  formed,  and  the  stage  of  the  decomposition  of 
the  higher  mecal  oxide  with  formation  of  a  lower  oxide  and  molecular 
oxygen.  These  oxides  are  considered  in  this  hypothesis  now  as  compounds 
of  a  definite  composition,  the  properties  of  a  phase,  now  as  adsorbed 
layers  with  a  different  degree  of  saturation  of  the  surface  with  oxy 
gen. 

The  so-called  oxide  theory  of  the  oxygen  overvoltage  described 
here  is  relatively  old.  In  Its  original  variant  the  appearance  of  an 
overvoltage  was  connected  exclusively  with  the  slowness  of  the  second 
stage,  the  stage  of  decomposition  of  the  metal  oxides  [29]-  In  many  la¬ 
ter  works,  particularly  those  of  Soviet  electrochemists,  the  oxide  the¬ 
ory  was  subjected  to  considerable  modifications.  Several  authors  as¬ 
sumed  that  the  slow  stage  Is  not  the  stage  of  the  decomposition  of  the 
metal  oxide  but  the  stage  of  the  discharge  of  the  hydroxyl  ion  and  the 
formation  of  the  higher  oxide  C 30 J . 
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In  the  case  of  the  platinum  electrode  the  slowness  of  the  dis¬ 
charge  stage  during  which  the  oxygen  atoms,  which  are  adsorbed  on  the 
surface,  arise,  has  been  demonstrated  by  direct  measurements  [31].  The 
same  method  was  used  for  this  purpose  as  that  used  for  the  study  of 
the  discharge  reaction  of  the  hydrogen  ion  with  formation  of  adsorbed 
hydrogen  (see  Chapter  3)»  namely,  the  kinetics  of  oxygen  deposition  on 
the  surface  at  potentials  at  which  separation  of  free  molecular  oxygen 
does  not  yet  take  place.  Such  measurements  wore  carried  out  with  alter¬ 
nating  current  as  well  as  with  the  method  of  recording  charging  curves 
with  high  density  currents.  Iv  was  found  that  the  electrochemical  depo¬ 
sition  of  oxygen  atoms  proceeds  not  only  at  a  measurable  but  also  rel¬ 
atively  low  rate  compared,  for  example,  with  the  deposition  of  hydrogen 
atoms . 

The  soundest  statement  and  that  which  agrees  best  with  the  experi¬ 
mental  data  is  evidently  that  the  ratio  of  the  rates  of  the  Individual 
stages  varies  as  a  function  of  the  electrode  potential  and  the  experi¬ 
mental  conditions,  in  consequence  of  which  it  is  impossible  to  give  a 
single  kinetic  scheme  for  the  reaction  of  oxygen  separation.  Thus,  ac¬ 
cording  to  L.  Yelina  [32],  the  reaction  rate  at  low  current  densities 
and  moderately  positive  potentials  is  determined  by  the  rate  of  decom¬ 
position  of  the  highest  oxide.  With  incre  se  in  the  current  density  and 
shift  of  the  electrode  potential  to  the  positive  side  the  stage  of  the 
discharge  of  the  hydroxyl  ions  becomes  the  limiting  step. 

An  example  of  an  anode  reaction  wb  c  is  not  complicated  by  the 
formation  of  oxide  layers  on  the  surface  of  the  electrode  metal  and 
thus  lends  itself  to  a  relatively  simple  interpretation,  is  the  reac¬ 
tion  of  anodic  nitrogen  separation  on  the  platinum  electrode  during  the 
electrolysis  of  a  solution  of  an  ammonium  salt  in  liquid  ammonia  as 
so]  /or.t  [33].  At  a  temperature  of  -50°  the  polarization  of  the  platinum 
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electrode  varies  over  the  entire  measurement  range  linearly  with  the 
logarithm  of  the  current  density,  and  the  slope  factor  -(3  /31g i)  of 
the  straight  Jlnes  varies  within  the  limits  0.080-0.090  v.  This  slope 
factor  is  close  to  the  value  2RT/F- 2.3  (-0.088  v  at  T  =  As  fol¬ 

lows  the  measurements  of  the  rate  of  decay  of  the  overvoltage  after  the 
switch ng  off  of  the  polarizing  current  the  capacity  of  the  double  lay¬ 
er  on  the  electrode  surface  under  the  experimental  conditions  was  ap- 

2 

proximately  30  uF/cm  .  This  capacitance  indicates  the  absence  of  a 
marked  chemosorption  of  nitrogen  or  other  reaction  components  on  the 
electrode  surface. 

The  experimental  data  can  be  explained  by  means  of  the  hypothesis 
that  the  stage  of  splitting  off  of  electrons  from  the  reacting  ammonia 
molecule,  NH^  -»  NH^  +  e,  is  the  controlling  step  in  the  process  of  ni¬ 
trogen  separation.  Compared  with  this  stage  the  other  trans formation 
stages,  expressed  by  the  summary  scheme 

ei  I,  f  d . 1 . i  i 3  — »  3N1IJ  -r  */»^  j  —  2c, 
evidently  proceed  at  a  fairly  rapid  rate. 

Fairly  comp  ex  are  the  laws  applying  to  the  separation  of  cnlori: 
from  aqueous  chloride  solutions.  As  follows  from  the  measurements  o„ 
S.V.  Gorbachev  and  N.P.  Zhuk  [3*0  >  a  linear  dependence  of  the  electrod 
potential  on  the  logarithm  of  the  current  density  is  observed  within  u. 
certain  narrow  range  of  current  densities  (approximately  from  10  to 
10  J  amp/cm  )  while  at  higher  current  densities  the  kinetic  laws  are 
modified.  This  modification  may  be  connected  either  with  a  change  in 
the  state  of  the  surface  or,  as  the  above-mentioned  authors,  assume , 
with  a  change  in  the  reaction  mechanism  at  different  potentials. 

The  effect  of  impurity  components  on  the  course  of  an  electrochem¬ 
ical  reaction,  which  we  have  often  encountered  in  the  discussion  of  re¬ 
duction  processes,  is  ol’ten  very  marked  also  in  the  case  of  anodic  re- 


actions.  Thus,  in  the  casp  of  the  anodic  oxidation  of  ammonium  sulfate 
or  alkali  sulfates  on  the  platinum  electrode  with  formation  of  persul¬ 
fates  a  slight  addition  of  fluorine  ions  greatly  increases  the  current 
yield  of  the  reaction.  This  effect  is  obviously  due  to  the  strong  shift 
of  the  anode  potential  to  the  positive  side  in  presence  of  flucrine 
ions,  i.e.,  tne  Increase  in  the  oxygen  overvoltage.  Chlorine  ions  and 
many  organic  compounds,  such  as,  for  example,  thiocyanates,  have  the 
same  kind  of  effect.  By  means  of  the  method  o*'  recording  of  charging 
curves  it  is  possible  to  show  that,  the  quantity  of  oxygen  at  the  plat¬ 
inum  surface  is  decreased  unde,  these  eond'tions;  thus,  the  increase  in 
the  oxygen  overpressure  in  tls  case  is  "ejected  with  a  slowing  down 
of  the  stage  of  discharge  of  the  hydr  xyl  ’ ct  . 

A  dependence  of  the  course  of  the  reaction  of  oxidation  of  the 
SO"  and  Cl”  anions  on  the  nature  of  the  cation,  present  in  the  solu¬ 
tion,  has  been  found  in  the  works  of  M.A.  Izgaryshev  and  co-workers 
[35J.  The  reaction  of  oxidation  of  the  sulfite  ion  to  a  persulfate  ion 
takes  place  most  readily  in  presence  of  ammonium  ions;  the  salts  of  al¬ 
kali  metals,  particularly  lithium,  giv  mu  !  lower  current  yields  of 
this  reaction.  Even  lower  values  are  o!  served  in  t  he  case  of  divalent 
ions  or  in  the  case  of  aluminum.  The  opposite  is  observed  in  the  case 
of  the  oxidation  reaction  of  the  Cl-  icn  to  chlorate  or  perchlorate 
ions.  The  highest  current  yield  for  this  reaction  is  observed  during 
the  electrolysis  of  lithium  chloride  or  calcium  chloride.  Other  ions 
promote  the  oxidation  reaction  less  sr  *  -he  current  yield  is  great¬ 
ly  decreased. 

M.A.  Izgaryshev  explained  this  specific  effect  of  the  cations  by 
the  different  d<  -ree  cf  their  hydration.  Because  strong  hydration  of  ^ 

the  cation  reduces  ‘‘he  hydration  of  the  anion,  it  was  inferred  from  the 
observation  data  that  strong  hydration  of  the  anion  promotes  the  reac- 
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ri  tion  in  the  cane  of  the  SO]J-  ion  and  inhibits  it  in 
the  case  of  th«  n.  However,  in  addition  to  the  variation  in  the 

degree  of  hydra t  lcn  of  t!  lent,  the  observed  phenomena  may  also  be 
caused  by  the  effect  '  tl  •  cations  on  the  surface  layer  of  oxides  on 
the  platinum  electrode,  because  the  surface  oxidation  imparts  to  it  the 
ability  to  adsorb  cations  even  at  high  positive  potentials. 

In  the  case  of  certain  oxidation  reactions  on  the  platinum  elec¬ 
trode,  as,  for  example,  the  oxidation  cf  aniline  [36],  an  anomalous 
trend  of  the  polarization  curves  is  observed.  With  Increase  in  the  pos¬ 
itive  potential  of  the  electrode  the  current  intensity  initially,  as 
usual,  increases ,  attains  a  maximum  and  then  decreases.  Only  at  very 
positive  potentials  does  another  rise  of  the  current  density  take 
place.  The  anomalous  trend  of  the  polarization  curve  is  observed  within 
a  potential  range  in  which  a  layer  of  adsorbed  oxygen  atoms  appears  on 
the  electrode  surface  and  Is  possible  also  connected  with  changes  In 
the  structure  of  the  electric  double  layer  which  accompany  the  appear¬ 
ance  of  adsorbed  oxygen.  This  problem,  however,  requires  further  de¬ 
tailed  Investigation. 
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[Footnotes  ] 


By  redox  system  we  mean  an  inert  electrode  immersed  in  a  so¬ 
lution  containing  reduced  as  well  as  oxidized  reaction  compo¬ 
nents,  for  example,  a  platinum  electrode  in  a  solution  of 
salts  of  divalent  and  trivalent  iron. 

The  reactions  (A)  and  (B)  can  be  realized  by  means  of  the  so- 
called  "air  electrode"  [1*0.  In  this  case  the  anode  is  placed 
into  the  air  space  outside  the  electrolyte,  and  the  passage 
of  current  is  achieved  by  the  application  of  a  large  poten¬ 
tial  difference,  causing  ionization  of  the  air.  The  electro¬ 
lyte  ions  are  discharged  at  the  air  interface  without  coming 
into  contact  with  the  electrode  metal. 

On  the  contrary,  the  electrolytic  reduction  of  oxygen  on  the 
Pt  electrode  takes  evidently  place  with  participation  of  ad¬ 
sorbed  hydrogen. 

This  reaction  has  unfortunately  not  been  sufficiently  inves¬ 
tigated.  According  to  some  data,  the  current  yield  of  the  re¬ 
action  products  of  the  NO”  ion  is  less  than  theoretical  be¬ 
cause  the  current  is  partly  consumed  for  the  separation  of 
hydrogen  [23]. 


[Transliterated  Symbols] 

h.b.3.  =  n.v.e.  =  normal’ nyy  vodorodnyy  elektrod  = 

=  standard  hydrogen  eiectrode 
ajjc  =  ads  --  adsorbirovanny  =  adsorbed 
h.k.3.  -  n.k.e.  =  normal’ nyy  kalomel'nyy  elektrod  = 
=  standard  calomel  electrode 
H.d.  =  n.b.  --  nitrobenzol  =  nitrobenzene 
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Chapter  5 

EVOLUTION  OF  GAS  BUBBLES  AT  THE  ELECTRODE 
AMD  WETTING  OF  METALS  Lv  LLECTF0LYTE3 

51.  EVOLUTION  OF  CAS  BUBBLES  AML  OVERVOLTAGE 

Dui ing  the  InitU  >1  stag''  of  development  of  the  science  of  elec¬ 
trode  reactions  attei.pt a  were  made  to  connect  the  overvoltage  of  the 
process  of  hydrogen  evolution  with  th  psseous  nature  of  the  reaction 
products.  It  was  assumed  that  the  process  of  formation  and  separation 
of  the  gas  in  the  form  of  bubbles  is  an  important  factor  in  the  appear¬ 
ance  of  the  hydrogen  overvoltage,  and  that  a  large  oversaturat  i  on  of 
the  solution  with  the  gas  is  necessary  for  this  process.  Thus  it  was 
thought  that  during  the  polarization  of  the  electrode  molecular  hydro¬ 
gen  accumulates  on  the  metal  surface  to  very  high  oversaturation  and 
that  only  when  this  high  oversaturation ,  to  v  iich  a  very  high  pressure 
would  cori  espond  in  the  gas  phase  under  equilibrium  conditions,  is  at¬ 
tained,  can  the  evolution  of  the  bubbles  begin.  A  more  negative  poten¬ 
tial  that  at  atmospheric  pressure  would  naturally  correspond  to  the  in¬ 
creas'd  concentration  of  molecular  hydrogen  In  the  solution. 

Hence  arose  the  concept  of  overvoltage  arising  during  the  initial 

I 

stage  of  the  separation  of  bubbles  an  at  t  s  ^  to  find  this  value  exper¬ 
imentally.  Actually,  although  the  process  of  gas  bubble  separation  is 
of  importance  for  various  phen  m  na,  tne  accumulation  of  hydrogen  or 
other  gas  in  the  solution  up  to  trie  initial  moment  of  bubble  formation 
cannot  be  the  cause  of  lire  large  overvoltages  which  are  observed  in  the 
experiment.  Only  in  the  ca^e  of  electrodes  with  low  overvoltage  and, 
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particularly,  with  a  strongly  developed  surface,  for  example,  the  hy¬ 
drogen  electrode  of  platinized  platinum,  is  the  entire  cathodic  polar¬ 
isation  of  the  electrode  at  moderate  current  densities  which  do  not 
exceed  some  ten  millivolts,  explained  by  oversaturation  of  the  solution 
with  hydrogen.  The  hydrogen  which  is  not  separated  in  the  form  of  bub- 
les  is  removed  from  the  electrode  surface  by  diffusion  or,  when  bubbles 
are  separated,  reaches  the  bubble  surface  by  diffusion.  The  relation¬ 
ship  between  overvoltage  and  current  density  is  expressed  in  this  case 
by  the  equation 

In/ +  const,  (2*»6) 

which  follows  from  Eqs .  (176)  and  (177)  under  condition  that  the  hydro¬ 
gen  concentration  at  the  electrode  surface  is  high  compared  with  its 
concentration  in  the  depth  of  the  solution. 

At  the  present  time  we  know  well  that  overvoltage  is  observed  in 
electrochemical  processes  independently  of  whether  the  reaction  prod¬ 
ucts  at  a  given  temperature  are  in  the  gaseous  state  or  not.  Thus  the 
process  of  bubble  separation  at  the  electrode  is  generally  not  directly 
connected  with  electrochemical  kinetics,  but  indirectly,  as  we  shall 
see  further  on,  it  is  nevertheless  connected  with  it. 

§2.  DIMENSIONS  OF  THE  GAS  BUBBLES  SEPARATED  AT  THE  ELECTRODE 

Even  superficial  observation  leads  to  the  conclusion  that  under 
different  electrolysis  conditions  the  evolving  gas  bubbles  are  of  quite 
different  sizes.  Probably  everyone  who  had  anything  to  do  with  elec¬ 
trolysis  for  the  production  of  hydrogen  and  oxygen  has  paid ' attention 
to  the  fact  that  in  an  electrolyzer  with  cathode  and  anode  of  the  same 
material  the  solution  has  a  different  appearance  at  the  cathode  and  an¬ 
ode.  Thus,  in  an  alkaline  electrolyte,  the  hydrogen  is  separated  at  the 
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cathode  in  the  form  of  very  email  bubble  which  form  a  p'ilky  turbidity 
in  the  whole  electrolyte  in  the  cathode  s;ace,  while  at  the  anode  the 
oxygen  is  evolved  in  the  form  of  relatively  large  bubbles  which  rise 
rapidly,  leaving  the  electrolyte  transparent.  Tf  the  electrolyzer  is 
filled  not  with  alkali  but  with  acid,  the  difference  in  the  bubble  di¬ 
mensions  is  not  so  great;  in  this  case  the  oxygen  bubbles  are  smaller 
than  the  hydrogen  bubbles. 

The  difference  in  the  dimens  Ions  cf  the  evolving  bubbles  is  of  im¬ 
portance  in  the  technology  of  electrolytic  production  of  oxygen  and  hy¬ 
drogen.  The  formation  of  small  hydrogen  bubbles  (in  alkaline  electro¬ 
lyte)  results  In  a  greater  "filling  of  the  electrolyte  with  gas"  be¬ 
cause  of  the  slow  rate  of  their  ascent  to  the  surface.  This  in  turn 
causes  an  ir crease  in  the  affective  resistance  of  the  solution  and  the 
penetration  of  hydrogen  bubbles  through  the  diaphragm  into  t  node 
space  and,  consequently,  to  contamination  of  the  oxygen. 

In  order  to  account  for  this  difference  in  the  dimensions  of  the 
evolving  bubbles,  Coehn  advanced  the  hypothesis  of  the  connection  of 
these  phenomena  with  the  presence  of  an  electric  charge  on  the  surface 
of  the  gas  bubbles  in  electrolyte  solutions  [1].  The  existence  of  this 
charge  Is  confirmed  by  the  electrophoresis  of  the  bubbles,  i.e.,  their 
movement  ir  the  electric  field.  According  to  Coehn,  the  cause  of  the 
difference  in  the  size  of  the  bubbles  separated  at  the  electrode,  was 
the  different  electrostatic  interaction  of  the  charged  bubbles  with  the 
electrode.  It  was  assumed  that  depend!'  the  sign  of  the  charge  of 

the  electrode  and  bubble  the  latter  Is  either  pressed  against  the  elec¬ 
trode  cr  repelled  from  it  and,  correspondingly  can  attain  varying  sizes 
before  the  breakaway  from  the  electrode.  However,  if  the  magnitude  of 
these  effects  is  calculated,  it  is  easy  to  show  that  they  cannot  exert 
any  influence  whatever  on  the  size  of  the  gas  bubbles. 
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This  follows,  for  example,  from  the  fact  that  the  electrophoretic 
force,  calculated  from  the  electrophoresis  speed  according  to  the 
Stokes  law,#  with  which  the  electric  field  acts  on  the  charged  bubbles, 
Is  negligibly  small  compared  with  the  force  of  hydrostatic  buoyancy 
(particularly  in  media  with  good  conductivity,  such  as  the  electrolyte 
solutions).  To  this  attests  also  the  fact  that  the  bubbles  rise  almost 
vertically  in  the  electric  field,  without  any  noticeable  deflection. 
Hence,  under  normal  conditions  of  electrolysis  one  can  neglect  the 
electrophoretic  force,  and  the  explanation  of  Coehn  should  be  rejected. 

In  order  to  understand  the  interaction  of  the  different  forces 

which  act  on  the  bubble  let  us  consider  the  simple  case  of  a  bubble 

which  is  sessile  on  a  horizontal  electrode  surface  as  shown  in  Fig.  90. 

The  force  F  of  adhesion  of  the  bubble  with 
c 

which  it  is  held  by  the  electrode  surface,  acts 
along  the  perimeter  of  attachment  of  the  bubble  and 
is  equal  to  the  product  of  the  length  of  this  perim¬ 
eter  7i a  and  the  vertical  component  of  the  surface 
tension  Op^sinG,  i.e., 

f,  =  7taojjSin&,  (2* 17) 

where  a  is  the  diameter  of  the  circle  along  which 
the  bubble  is  held  to  the  electrode  surface,  G  is 
the  contact  angle  at  the  interface  retal/solution/ 
gas  (see  Fig.  90),  Op^  is  the  surface  tension  at  the  phase  boundary 
solutlon/gas . 

According  to  the  law  of  Archimedes  the  force  of  hydrostatic  buoy¬ 
ancy  of  the  bubble  in  the  liquid  is 

(248) 

where  v  is  the  bubble  volume,  p  the  density  of  the  liquid,  g  the  grav¬ 
ity  acceleration.  For  small  bubbles  F  >  F^.  With  increase  in  the  bub- 
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Fig.  90.  Bubble 
sessile  on  a 
horizontal  sur¬ 
face.  A)  Solu¬ 
tion;  B)  elec¬ 
trode;  C)  gas. 


bio  dimension  F  increases  more  rapidly  than  F  ,  because  F.  is  propor¬ 
tional  to  the  third  power  of  the  linear  dimensions  of  the  bubble  and  F 

o 

to  the  first  power.  It  follows  that  there  is  a  certain  critical  bubble 
size  at  which  the  bubble  should  break  away  from  the  surface. 

To  determine  the  equilibrium  conditions  we  must  also  take  into  ac¬ 
count  that  the  pressure  within  the  bubble  is  greater  than  the  hydro¬ 
static  pressure  in  the  ambient  medium  by  the  amount  20^^/^,  v/nere  R  is 
the  radius  of  curvature  of  the  bubble  surface  at  a  given  point,*  i.e., 
the  gas  inside  the  bubble  is  compressed  by  the  surface.  If  R  indicates 
the  curvature  of  the  bubble  surface  at  its  apex  (Fig.  90),  the  pres¬ 
sure  difference  in  the  liquid  and  the  gns  at  the  base  of  the  bubblt 
amounts  to 


where  h  is  the  height  of  the  bubble,  because  when  we  go  from  the  level 
of  the  bubble  top  to  the  level  of  the  base,  the  pressure  in  the  liquid 
increase  by  hgp  while  the  gas  pressure  remains  practically  the  same. 
This  difference  in  pressures  results  in  trie  appearance  of  an  additional 
breakaway  force,  equal  to  the  product  of  the  urea  of  the  base  va  /h  and 
the  quantity  ([2o2^/  ]  -  fg 0).** 

Thus  U  *  full  equilibrium  condition  ins  the  following  form: 

*  sin  0  -  vr?  n  ~  .  (  2  9 ) 

All  quantities  entering  into  this  equation  are  accessible  to  di¬ 
rect  measurement.  As  measurements,  carrirj  o.it  on  bubbles  of  different 
dimensions,  sessile  on  a  mercury  surface  in  an  electrolyte  solution, 
have  shown,  the  correctness  of  Eq.  (2^9)  is  fully  confirmed  by  the  ex¬ 
periment.  It  follows  that  the  equilibrium  of  the  bubbles  is  wholly  de¬ 
termined  by  the  effect  of  the  capillary  forces  and  the  force  of  gravity 
[3].  r.y  means  of  the  theory  of  capillarity  one  can  determine,  on  the 
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Fig.  91.  Micrograph  of  bubbles  with  different 
contact  angles  e  prior  to  breakaway  from  the 
electrode  (6  *  magnification):  a)  e  =  18° ;  b) 
s  =  75°. 


basis  of  Eq.  (2*19),  the  shape  of  the  bubble  surface  at  a  given  value  of 
o.  Such  an  analysis,  like  the  above-given  elementary  argument,  leads  to 
the  conclusion  that  there  is  always  an  upper  limit  for  the  size  of  a 
bubble  at  which  the  capillary  forces  no  longer  can  hold  the  bubble  at 
the  surface  and  it  breaks  away.  It  is  easy  to  show  that  the  limit  size 
of  the  bubble  depends  on  the  contact  angle.  If  the  contact  angle  is 
very  small,  for  example  18°  (in  other  words,  if  the  metal  surface  is 
. jadily  wetted  by  water)  ,  the  bubble  sits  on  a  small  base  whose  per? 
eter  of  attachment  to  the  surface  Is  small  and  In  consequence  of  tV 
the  bubble  is  readily  torn  off  without  being  able  to  grow  to  considt 
able  size  (Fig.  91a). 

If  the  contact  angle  is  larger,  for  example,  75°  (Fig.  91b),  the 
perimeter  of  attachment  to  the  surface,  and  consequently,  also  the 
force  which  holds  the  bubble  on  the  surface,  are  greater;  in  conse¬ 
quence  of  this  the  bubble  can  grow  to  considerably  greater  size  than  in 
the  first  case  prior  to  breakaway. 

Thus,  the  size  of  a  bubble  which  can  be  retained  on  the  surface 
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is  the  greater,  the  larger  the  contict  angle.  The  size  and  shape  of 
the  bubble  as  a  function  of  the  contac*  angle  at  the  moment  of  bi eak- 
away  from  the  mercury  electrode  is  showi  In  Fig.  ^la,  91b  and  92.  The 
mathematical  theory  of  capillarity  permits  us  to  establish  a  quantita¬ 
tive  relationship  between  the  cont  angle  and  the  bubble  dimensions 
at  breakaway.  As  Fig.  93  shows,  this  relationship  is  very  well  con¬ 
firmed  by  experiment. 
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Fig.  93*  Volumes  v  of  bubbles 
at  the  moment  of  breakaway 
from  the  electrode  as  a  func¬ 
tion  of  the  contact  angle  e: 
o)  Bubbles  on  silver  elec¬ 
trode;  on  platinum;  D-)  on 
mercury.  Thick  line:  theoret¬ 
ically  calculated  maximum  vol¬ 
umes  c f  bubbles  held  at  the 
electrode  at  the  corresponding 
contact  angles.  * 


§3.  WETTABILITY  OF  ELECTRODES  BY  THE  ELECTROLYTES 

The  dependence  of  the  bubble  dimensions  on  the  contact  angle  o  has 
the  consequence  that  the  electric  field  o'’  the  double  layer  exerts  an 
important  influence  on  the  adhesion,  lhuo,  the  electrical  field  plays 
an  important  part  here,  although  in  a  quite  different  sense  as  in  the 
theory  of  Coehn. 

Let  us  dwell  on  this  in  somewhat  greater  detail.  The  size  of  the 
equilibrium  contact  angle  can  be  expressed  as  a  function  of  the  surface 
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Fig.  92.  Micrograph  of 
butble  with  contact  an¬ 
gle  0  =  97°  before 
breakaway  from  the  elec¬ 
trode  (7.5  *  magnifica¬ 
tion)  . 
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ensions  at  three  Interfaces:  solution/metal,  solution/gas  and  metal/ 
gas.  Prom  the  equilibrium  conditions  of  the  forces  of  surface  tension 
Pig.  9^0  follows: 

aMcos(f  and  cost* «*. (250) 

«»»  * 

where  0-J2  is  the  interfacial  tension  between  metal  and  solution,  is 
the  surface  tension  between  solution  and  gas  which  is  practically  inde- 
pondent  of  the  nature  of  the  gas  for  this  solution;  o,,  is  the  surface 
tension  between  metal  and  gas,  saturated  with  water  vapor. 

In  the  case  of  a  liquid  mercury  surface  the  bubble  pulls  the  metal 
surface  slightly  outwards  so  that  it  ceases  to  be  horizontal.  This  re¬ 
quires  the  Introduction  of  a  certain  correction  into  Eq .  (250)  which  we 
omit  here. 

When  the  rnetal,  for  example,  mercury,  is  polarized,  the  quantity 
varies  in  accordance  with  the  law  represented  by  the  electrocapil- 
i .  »y  curve,  i.e.,  it  decreases  when  the  potential  deviates  from  the 
zero  charge  potential  of  the  surface.  The  surface  tension  between 

the  solution  and  gas  is  independent  of  the  polarization.  The  quantity 
should  not  vary  in  first  approximation  with  change  In  the  electrode 
potential  because,  as  it  would  seem,  there  are  no  ior.s  at  the  metal/p... 
interface  and  thus  a  potential  change  cannot  take  place.  This  conclu¬ 
sion,  however,  is  not  accurate  because  the  metal  under  the  bubble  is 
not  completely  dry  but  covered  with  a  thin  film  of  solution  which  con¬ 
tain.  ions.  Hence,  a  variation  of  the  quantity  c, ,  during  polarization 
of  the  electrode  is  possible  but  because  0^  varies  less  with  the  po¬ 
tential  than  o  ,  the  pattern  of  the  phenomenon  is  determined  in  first 

-1  u 

ipproximation  by  the  variation  of  0^  If  the  cathodic  polarization  in¬ 
creases  to  a  fairly  large  value,  0  ,  decreases,  consequently  the  dif¬ 
ference  0  —  -j  and  cos  e  Increase  and  the  contact  angle  0  decreases. 
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Fig.  9*1.  Equilibrium 
of  the  tensions  at 
the  interfaces  solu¬ 
tion/gas  (op-})»  so¬ 
lution/metal  (o  ,) 
and  metal/gas  (o^). 

A)  Solution;  B)  gas; 
C)  electrode. 


Together  with  it  decrease*  the  adhesion  and  the 
size  of  the  bubble  at  breakaway.  The  same  takes 
place  during  anodic  polarization.  Physically 
this  can  be  visualized  in  this  way,  that  when 
the  charge  density  of  the  double  layer  increas¬ 
es,  the  wettability  of  the  metal  by  water  in¬ 
creases  and  the  water,  wetting  the  surface,  ex¬ 
pels  the  bubble.  Correspondingly  the  contact 
angle  0  of  the  bubble  is  a  maximum  when  the 
surface  charge  is  zero  (Fig.  95).  The  method  of 


determining  the  zero  charge  potential  of  metals  by  means  of  measurement 
of  the  contact  angles  of  bubbles  at  different  potentials,  as  mentioned 
in  the  Introduction  [*0,  is  based  on  tl.xs  phenomenon. 

If  the  separation  of  gas  takes  place  at  a  potential  close  to  the 
zero  charge  potential  of  the  metal  in  the  given  solution,  then  ,  is 
ovviously  large,  the  difference  -  a ^  and  cos  0  are  small  and  can 
even  have  a  negative  value,  and  the  contact  angle  is  large.  The  bubbles 
at  breakaway  are  large. 

This  can  be  ascertained  if  a  bubble  of  an  indifferent  gas,  for 
example,  nitrogen,  is  placed  on  the  surface  of  the  mercury  electrode 
and  this  electrode  is  then  polarized.  The  bubble  breaks  away  from  the 
surface  at  the  moment;  when  the  force  of  hydrostatic  buoyancy  becomes 
equal  to  the  adhesion  force  of  the  bubble.  It  Is  then  possible  to  place 
artificially  bubbles  of  different  size  or.  tne  electrode  and  to  deter¬ 
mine  the  potential  at  which  the  bubble  breaks  away  from  the  electrode 
surface . 

This  potential  may  obviously  be  more  negative  or  more  positive 
than  the  zero  charge  potential  of  mercury.  On  the  basis  of  the  data 
thus  obtained  it  is  possible  to  plot  the  curve  of  the  dimensions  of 
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the  bubble  at  breakaway  as  a  function  of  potential.  This  curve  has 

mately  the  same  shape  as  the  electrocapillarity  curve  (Fig.  96). 
order  to  encompass  a  larger  potential  range,  the  measurements  in  the 
cathodic  rang*  were  carried  out  in  alkaline,  and  in  the  anodic  range  in 
acid  solution  [3]. 

It  should  be  pointed  out  that  the  addition  of  surface-active  or- 
anic  substances  to  the  solution  alters  all  three  surface  tensions  Oj  , 
^  .  and  a  ,  at  a  given  potential,  and  this  can  increase  or  decrease  the 

wettability  of  the  metal  surface. 
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Fig.  95.  Contact  angle  of 
the  h  j't  -  or;  mercury  in 
.  N  sol  .it lone  of  sulfuric 
acid  ana  sodium  sulfate  as 
1  fun  'tion  of  the  poten¬ 
tial  A)  Volt  (n.v.e.). 
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Fig.  96.  Diameter  d  of  the 
bubbles  at  breakaway  as  a 
function  of  the  mercury 
electrode  potential:  o) 
bubbles  separated  electro- 
lytically;  x)  bubbles, 
placed  mechanically.  A) 
Volt  (n.v.e .) . 


Turnint  now  to  tire  problem  raised  at  the  beginning  of  this  chapter 
oni, t*rnin&  'he  dimension  cf  the  gas  bubbles  evolved  during  electroly- 
s,  we  can  now  con  iud  that  the  small  size  of  the  hydrogen  bubbles 
e  :iUd  at  toe  cathode  in  alkaline  solutions  is  connected  with  the 
negative  potential  of  hydrogen  separation  in  these  solutions  at  which 
the  metal  is  well  wetted  by  water  and  the  bubbles  have  small  contact 
Us.  On  the  other  hand,  the  separation  of  oxygen  at  the  anode  in  al- 


377  - 


ka] ine  solution  takes  place  at  a  slight  positive  potential  (counting 
from  the  neutral  point)  at  which  the  surface  charge  is  less  in  absolute 
magnitude  and  the  wettability  is  less.  The  converse  situation  exists  in 
acid  solutions:  the  hydrogen  evolution  takes  place  at  a  less  negative 
potential  and  at  a  smaller  negative  surface  charge  than  in  alkaline  so¬ 
lutions;  the  oxygen  is  separated  at  a  large  positive  potential  at  which 
the  electrode  surface  carries  a  strong  positive  charge  [3]. 

The  Increase  in  the  wettability  of  the  electrode  in  consequence  of 
the  increase  in  the  charge  of  the  double  layer  on  its  surface  plays  an 
important  part  in  different  electrochemical  processes.  Thus,  for  exr.r - 
pie,  graphite  anodes  in  chloric  electrolytic  cells  are  more  intensely 
attacked  at  large  polarization  owing  to  the  Increase  in  wettability  and 
the  penetration  of  electrolyte  into  the  depth  of  the  electrode  pores 
[6],  The  carbon  electrode  with  "atmospheric  depolarization"  which  is 
used  in  certain  galvanic  cells,  for  example,  the  cell  of  P.M.  Spirido¬ 
nov,  is  a  porous  membrane  at  which  oxygen  should  arrive  continuously 
from  one  side  and  electrolyte  from  the  other  side.  At  the  same  time, 
the  membrane  should  not  be  wetted  right  through.  In  a  certain  potential 
range  the  charge  of  fhe  double  layer  on  this  electrode  is  small  and  the 
membrane  is  not  wetted  for  long  periods.  If  the  current  density  is  in¬ 
creased  or  .he  composition  of  the  solution  is  varied,  the  wettability 
increases  and  the  solution  penetrates  into  the  pores.  As  a  result,  the 
three-phase  boundary  solution  carbon/air  required  for  the  work  of  the 
electrode  disappears,  and  the  electrode  ceases  to  function.  The  depend¬ 
ence  of  the  soaking  rate  on  the  potential  iu  a  curve  which  is  analogous 
to  the  electrocnpillarity  curve,  with  a  minimum  soaking  rate  in  the 
range  of  potentials  which  is  close  to  the  zero  charge  point  potential 

[73. 

The  adhesion  of  the  hydrogen  bubble  to  the  metal  during  electro- 
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plating,  for  example,  with  zinc,  leads  to  the  formation  of  honeycombs 
on  the  deposited  metal,  whose  depth  sometimes  extends  over  the  entire 
thickness  of  the  layer  of  deposited  metal.  The  number  and  depth  of  the 
honeycombs  is  less  if  the  polarization  of  the  electrode  is  greater, 
i.e.,  the  greater  the  charge  of  the  double  layer  and,  consequently,  the 
wetting  of  the  metal.  The  dependence  of  the  wettability  on  polarization 
is  also  of  great  importance  in  molten  salt  electrolysis  [5]. 

An  analogous  phenomenon  of  contact 
wetting  angle  variation  with  variation  of 
the  electrode  potential  takes  place  when 
instead  of  a  gas  bubble  a  drop  of  oil  or 
some  other  organic  liquid  which  is  not 
miscible  with  water  is  placed  on  the  metal 
surface  (Fig.  97*.  If  the  metal  surface 
with  the  sessile  oil  drop  is  polarized, 
the  shape  of  the  drop  changes  and  then  a 
partial  and  finally  complete  breakaway  of 
the  drop  from  the  electrode  takes  place. 
The  process  of  breakaway  of  the  drop  has 
been  recorded  photographically  in  Fig.  98. 
If  the  polarization  is  strong,  a  complete 
cleaning  of  the  electrode  from  oil  takes  place  in  consequence  of  an  in¬ 
crease  in  the  wettability  of  the  electrode  by  the  solution.  This  phe¬ 
nomenon  is  analogous  to  the  well-known  phenomenon  of  drawing  in  of  a 
dielectric  with  large  dielectric  constant  in  the  field  between  the 
plates  of  a  capacitor.  In  the  presence  of  the  charges  of  the  double 
layer  on  the  surface  the  body  with  the  greater  dielectric  constant,  the 
water  repels  the  oil  from  the  surface  in  the  same  way  as  it  repels  ad¬ 
sorbed  molecules  of  organic  compounds  [8], 
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Fig.  97.  Contact  angle 
of  a  drop  of  toluene, 
sessile  on  mercury  in  1 
N  Na2SOl4  solution,  as  a 

function  of  the  potential 
of  the  metal.  A)  Volt 
(n. v.e. ) . 
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The  effects  described  in  the  foregoing  explain  the  following  phe¬ 


nomena.  Graphite  anodes,  which,  as  mentioned  above,  are  rapidly  de¬ 
stroyed  under  conditions  of  high  wettability,  are  used  in  chlorine 
electrolysis.  To  protect  them  from  destruction,  they  are  impregnated 
with  oil.  However,  if  the  electrode  is  impregnated  with  a  liquid,  for 
example,  vaseline  oil,  the  latter  is  dislodged  by  the  electrolyte  solu¬ 
tion  which  penetrates  into  the  graphite  through  the  capillaries  during 
polarization.  However,  if  the  anode  is  impregnated  with  a  substance 
which  cannot  be  removed  even  from  surface  pores  (for  example,  paraffin), 
the  potential  of  such  an  electrode,  owing  to  the  large  current  density, 
increases  greatly  (approximately  by  1  v)  which  causes  rapid  destruction 

O 

of  the  electrode  also  in  this  case.  With  correct  impregnation,  the  sur¬ 
face  and  part  of  the  pores  close  to  the  electrode  surface  are  freed  of 
oil  and  the  electrolyte  does  not  penetrate  further  [6]. 

Technical  methods  of  cathodic  and  anodic  degreasing  of  metals, 
which  are  widely  used  in  the  metalworking  industries,  are  based  on  the 
increase  in  wettability  during  polarization.  The  degreasing  of  metals 
is  carried  out  during  the  preparation  of  the  metal  surface  for  electro¬ 
chemical  deposition  of  metals  and  certain  methods  of  surface  treatment 
of  metals.  The  cathodic  degreasing  is  promoted  by  the  presence  of  hy¬ 
drogen  bubbles  at  the  interface  between  the  oil  layer  and  the  solution: 
the  hydrostatic  buoyancy  of  the  bubble,  in  combination  with  a  certain 
quantity  of  oil  adhering  to  it,  results  in  an  additional  cleaning  of 
the  metal  surface  [8]. 
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c  d 

Fig.  98.  Variation  of  the  shape  and  break¬ 
away  of  an  oil  drop  from  the  electrode  dur¬ 
ing  application  of  a  negative  potential 
(photograph,  natural  size). 


§1J.  WETTABILITY  AS  A  FUNCTION  OF  POTENTIAL  AND  FLOTATION 

The  breakaway  of  bubbles  from  a  metal  surface  is  a  kind  of  re¬ 
served  elementary  act  of  flotation.  In  flotation  the  bubbles  should  ad¬ 
here  to  the  surface  of  the  floated  particle  and  should  not  break  away 
from  it.  Interesting  relationships  exist  between  the  mechanisms  of 
these  two  groups  of  phenomena. 

As  pointed  out  previously,  based  on  a  mathematical  analysis  of  the 
conclusions  from  Eq.  (2^9)  one  can  determine  the  limit  dimensions  of  a 
bubble  which  is  still  held  by  a  horizontal  surface  of  a  solid  at  a  giv- . 
en  value  of  6.  At  the  same  time,  obviously,  we  determine  its  maximum 
buoyancy,  i.e.,  the  maximum  weight  of  the  particle  which  can  be  floated 
by  the  bubble,  i.e.,  lifted  by  it  to  the  liquid  surface.  Thus  the  veri- 
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fication  of  the  relationship  between  the  contact  angle  and  the  dimen¬ 
sions  of  bubble  at  breakaway,  which  can  be  carried  out  owing  to  the 
strong  dependence  of  the  contact  angle  on  the  polarization  of  the  met¬ 
al,  is  also  of  great  interest  for  the  development  of  flotation  theory 

A  decrease  in  the  contact  angle  which  facilitates  the  breakaway  of 
the  bubble,  reduces  the  floatability  of  the  solid.  Henc*  in  some  cases 
of  flotation  precisely  the  same  dependence  of  the  floatability  on  the 
surface  charge  is  observed  as  the  one  which  we  found  for  the  dimensions 
of  the  bubbles  at  breakaway.  Thus,  it  was  shown  that  powdered  BaSO^  and 
Agl  are  most  readily  floated  near  their  isoelectric  point,  when  their 
surface  carries  only  a  negligible  charge.  The  magnitude  of  the  surface 
charge  in  this  case  can  be  varied  by  variation  of  the  composition  of 
the  solution  [9]. 

Ore  particles  are  normally  made  to  float  by  addition  of  flotation 
agents  into  the  solution,  which  are  adsorbed  on  the  ore  surface  and  re¬ 
duce  its  wettability,  i.e.,  increase  the  contact  angle  e.  An  increase 
in  surface  charge,  as  we  have  seen  repeatedly,  can  have  the  effect  that 
organic  substances  are  no  longer  adsorbed  and  thus  result  in  a  decrease 
in  floatability.  The  effect  of  the  so-called  flotation  depressants 
which,  when  added  to  the  solution,  modify  the  potential  difference  at 
the  surface  of  the  mineral  particle  in  such  a  manner  that  its  charge 
density  increases,  is  based  on  this  in  some  cases.  The  selective  inhi¬ 
bition  of  flotation  makes  it  possible  to  separate  different  minerals 
during  the  flotation  process  [10]. 

It  must  be  pointed  out,  however,  that  the  flotation  phenomena  with 
all  their  complexity  cannot  be  explained  merely  from  the  point  of  view 
of  the  concepts  concerning  the  equilibrium  of  surface  forces.  In  order 
that  the  elementary  flotation  act  can  take  place,  the  bubble  which  en¬ 
counters  a  particle  must  adhere  to  it  within  the  short  collision  time. 
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It  can  be  shown  that  in  the  case  of  incomplete  wetting,  i.e.,  when  the 
contact  angle  is  finite,  either  the  relatively  thick  liquid  layers  be¬ 
tween  the  solid  and  the  gaseous  phase  or  the  very  thin  layer  of  molecu¬ 
lar  dimensions  is  stable.  Layers  with  intermediate  thickness  are  unsta¬ 
ble.  When  the  bubble  approaches  the  surface  of  the  solid  under  the  sur¬ 
face  of  the  solution,  the  layer  of  solution  between  the  surface  and  the 
bubble  first  gets  gradually  thinner  until  it  enters  into  an  unstable 
state;  the  layer  is  then  ruptured  which  causes  the  adhesion  of  the  bub¬ 
ble.  Thus,  the  kinetics  of  the  adhesion  process  are  of  great  importance. 
Observations  of  the  adhesion  of  bubbles  to  a  mercury  surface  have 
shown  that  the  lower  the  electrolyte  concentration  and  the  larger  the 
surface  charge,  the  longer  the  bubble  takes  to  adhere.  The  stabilizing 
effect  of  the  charge  of  the  double  layer  on  the  water  film  is  basically 
due  to  the  electric  repulsion  of  the  ions  of  the  double  layer  from  the 
free  surface  of  the  water  which  prevents  the  film  from  thinning  out 
[11]. 
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[Footnotes] 


The  resistance  offered  by  a  fluid  to  a  sphere  with  diameter 
r,  which  moves  with  a  velocity  v ,  is  6Trrn v,  where  n  is  the 
viscosity  of  the  fluid. 

More  accurately,  by  the  amount  where  Rj  and 

r  are  the  main  radii  of  curvature  of  the  surface  [2].  At  the 

u 

top  of  the  bubble  R^  - 

This  is  easily  proved  in  the  following  way.  Through  the  bub¬ 
ble  we  draw  an  imaginary  plane  parallel  to  the  electrode  sur¬ 
face  but  somewhat  higher  than  this.  If  the  plane  formed  the 
lower  physical  limit  of  the  bubble  and  the  space  under  it 
were  filled  with  solution,  the  sum  of  the  hydrostatic  pres¬ 
sures  of  the  liquid  on  the  bubble,  according  to  the  law  of 
Archimedes,  would  be  exa^ly  equal  to  vg p.  In  reality,  the 
part  of  the  bubble  above  our  imaginary  plane  is  acted  on,  not 
by  the  pressure  of  the  fluid,  but  the  gas  with  a  pressure 
which  exceeds  that  of  the  fluid,  which  must  be  taken  into  ac¬ 
count  by  introducing  the  term 

tO*0- 


[Transliterated  Symbols] 


h.b.3.  *  n.v.e.  *  normal' nyy  vodorodnyy  elektrod  »  standard 


hydrogen  electrode 


Chapter  6 

ELECTRODEPOSITION  OF  METALS 
51.  GENERAL  INFORMATION 

The  processes  of  the  electrodeposition  of  metals,  like  the  reverse 
processes  of  anodic  dissolution  of  metals,  are  of  great  practical  im¬ 
portance.  The  first  practical  application  of  the  electrodeposition  of 
metals,  galvanoplastics ,  was  discovered  by  the  Russian  Academician  B.S. 
Yakobi  in  1837  [1].  The  discovery  of  B.S.  Yakobi  led  to  the  development 
of  a  new  branch  of  technology,  electroplating;  subsequently,  the  method 
of  galvanic  coating  found  widespread  application,  in  particular,  for 
the  protection  of  metals  againM;  corrosion.  The  electrochemical  deposi¬ 
tion  of  metals  is  used  in  hydroelectrometallurgy.  A  combination  of 
anodic  dissolution  and  subsequent  electrodeposition  forms  the  basis  of 
the  refining  of  metals  by  electrolysis.  Also  of  great  importance  are 
these  reactions  in  the  processes  which  take  place  at  the  electrodes  of 
storage  batteries  and  primary  cells.  Important  methods  of  producing 
metals  such  as  aluminium  and  magnesium  are  based  on  their  separation  by 
means  of  electric  current  from  molten  electrolytes.  An  important  part 
in  the  development  of  the  industrial  utilization  of  the  reactions  of 
electrodeposition  and  electrolysis  of  melts  in  our  country  played  the 
researches  of  several  electrochemists:  P.P.  Fedot'yev,  N.A.  Izgaryshev, 
Yu.V.  Baymakov,  P.F.  Antipin,  A.F.  Alabyshev,  N.P.  Fedot'yev,  N.T. 
Kudryavtsev  and  others. 

In  the  present  account  we  shall  limit  consideration  to  the  mechan¬ 
ism  of  the  processes  which  take  place  in  electrolyte  solutions  and 


shall  not  deal  with  the  electrolysis  of  melts. 

The  processes  of  cathodic  separation  and  anodic  dissolution  In  the 
case  of  solid  metals  have  certain  peculiarities  compared  with  other 
electrochemical  reactions  which  are  connected  with  the  fact  that  the 
end  products  or  starting  substances  are  in  the  crystalline  state.  How¬ 
ever,  before  considering  this  aspect  of  the  problem  of  electrodeposi¬ 
tion,  we  must  consider  the  question  of  the  kinetics  of  the  discharge  of 
the  metal  ions  under  the  conditions  when  the  metal  is  separated  not  in 
the  crystalline  but  in  the  liquid  state.  A  study  of  this  problem  will 
assist  in  the  further  elucidation  of  the  peculiarities  connected  with 
the  crystal  structure  of  the  electrode. 

52.  ELECTRODEPOSITION  OF  METALS  ON  A  LIQUID  CATHODE 

Of  great  interest  for  the  study  of  the  mechanism  of  the  discharge 
of  metal  ions  is  the  mercury  electrode  on  which  the  separation  of  met¬ 
als  takes  place  with  formation  of  amalgam,  for  example,  zinc  or  copper 
amalgam,  for  example,  zinc  or  copper  amalgam. 

The  existing  experimental  data  lead  to  the  conclusion  that  the  re¬ 
action  of  discharge  and  formation  of  metal  ions  at  the  mercury  elec¬ 
trode  take  place  in  many  cases  at  a  considerable  rate.  Hence  the  polar¬ 
ization  phenomena  which  are  observed  here  are  to  a  large  extent  con¬ 
nected  with  the  concentration  polarization. 

The  serivation  of  the  formula  of  the  polarographic  wave,  corre¬ 
sponding  to  a  reversible  process,  as  has  been  shown  in  Chapter  1,  is 
based  on  the  assumption  that  the  rate  of  the  processes  of  ion  discharge 
and  metal  ionization  is  fairly  high  and  that  the  rate  of  the  over-all 
electrode  process  is  determined  by  the  rate  of  diffusion  of  the  reduced 
substance  towards  the  electrode.  This  formula  is  well  supported  by  ex¬ 
periment  in  the  case  of  the  discharge  of  many  metal  ions  which  is  a 
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confirmation  of  the  correctness  of  this  assumption. 

An  exception  are  some  metals  (for  example,  of  the  iron  group), 
which  will  be  discussed  further  on. 

When  investigations  are  carried  out,  however,  by  means  of  more 
perfect  experimental  methods,  it  is  found  that  for  a  large  number  of 
metals  the  reaction  of  the  discharge  of  the  ions  on  the  mercury  takes 
place  at  a  relatively  large,  but  measurable  rate.  In  order  to  make  the 
electrochemical  polarization  accessible  to  investigation,  it  is  desir¬ 
able  in  these  cases  to  use  relatively  large  current  densities.  Hence  it 
is  important  to  avoid  as  far  as  possible  an  impoverishment  of  the  solu¬ 
tion  with  regard  to  the  reacting  ions  near  the  electrode  surface  which 
takes  place  with  prolonged  passage  of  a  direct  current  with  high  cur¬ 
rent  density,  or,  in  other  words,  it  is  essential  to  lower  the  concen¬ 
tration  polarization.  This  result  can  be  achieved  by  the  use  of  alter¬ 
nating  current. 

It  has  been  shown  in  Chapter  1  that  in  the  absence  of  marked  elec¬ 
trochemical  polarization  during  the  application  of  an  alternating  cur¬ 
rent,  a  certain  dependence  of  the  amplitude  of  the  potential  fluctua¬ 
tion  and  the  phase  shift  on  frequency  is  observed.  In  this  case  the 
electrochemical  polarization  is  manifested  as  a  kind  of  additional  re¬ 
sistance  between  the  electrode  and  solution  which  can  be  detected  by 
measuring  the  amplitude  and  phase  shift  as  a  function  of  frequency  [?]. 

Another  method  consists  in  determining  \.he  electrode  potential 
variations  during  the  passage  of  a  direct  current  during  a  short  inter¬ 
val  of  time.  In  this  case  the  impoverishment  of  the  solution  cannot 
propagate  to  a  great  distance  from  the  electrode  which  enables  rela¬ 
tively  large  current  densities  to  be  achieved  and  to  determine  whether 
the  process  is  accompanied  by  electrochemical  polarization.  After  a 
certain  interval  of  time  the  direction  of  the  current  is  reversed  and 


the  potential  variation  during  the  anodic  process  is  determined.  A  con¬ 
venient  device,  based  on  this  principle,  was  designed  by  A.T.  Vagramyan 
and  used  by  him  for  the  study  of  the  polarization  phenomena  which  occur 
during  the  electrodeposition  of  solid  metals  [3]. 

J.  Heyrovsky  used  a  similar  method  for  the  study  of  the  processes 
of  discharge  of  various  metal  cations  on  the  mercury  electrode  [4];  in 
this  case  the  potential  variation  was  observed  by  means  of  an  oscillo¬ 
graph  which  permitted  the  use  of  short  current  pulses.  In  the  absence 
of  discharging  ions  the  record  of  the  potential  variation  during  the 
passage  of  current  pulses  with  alternating  direction  obviously  gives 
the  cathodic  and  anodic  charging  curves  for  the  mercury  surface.  In  the 
presence  of  such  ions  at  a  potential  at  which  the  electrode  process  is 
possible,  the  current  begins  to  be  consumed  for  the  discharge  of  ions 
(cathodic  curve)  or  the  ionization  of  the  atoms  of  the  metal  which 
forms  the  amalgam  (during  the  recording  of  the  anodic  curve);  the  curve 
of  the  potential  as  a  function  of  time  then  shows  a  delay.  With  further 
passage  of  time,  in  consequence  of  the  impoverishment  of  the  layer  near 
the  electrode,  the  discharge  current  decreases  and  the  supplied  current 
is  sufficiently  large  to  produce  a  further  potential  shift.  The  dotted 
line  in  Fig.  99a  shows  the  cathodic  and  anodic  charging  curves  of  mer¬ 
cury,  taken  with  the  oscillograph;  the  thick  lines  show  the  potential 
as  a  function  of  time  in  the  presence  of  lead  ions  in  the  solution, 
the  left  curve  corresponding  to  the  cathodic  process  of  discharge  of 
the  lead  ions,  and  the  right  one,  to  the  ionization  of  the  lead  amalgam 
which  is  formed.  The  delays  on  the  cathodic  and  anodic  curves  are  ob¬ 
served  at  the  same  potential  which  indicates  the  reversibility  of  the 
process  (absence  of  electrochemical  polarization).  A  different  pattern 
is  observed  with  solutions  containing  Zn++  ions  (Fig.  99b).  In  this 
case  the  discharge  potential  is  strongly  shifted  to  the  negative  side 
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Fig.  99.  Reversible  and  irreversible  phenomena  during  the  discharge  of 
metal  ions  on  the  surface  of  the  mercury  drop  electrode.  Dotted  lines: 
oscillograph  record  of  the  potential  variation  with  time  in  the  absence 
of  discharging  ions.  Thick  line  in  Pig.  a:  the  same  in  the  presence  of 

Pb++  ions;  thick  line  in  Fig.  b:  the  same  in  presence  of  Zn++  ions. 

A)  Volt  (n.v.e.);  B)  time. 


while  the  ionization  potential  is  shifted  to  the  opposite  side;  this 
shift  indicates  the  presence  of  a  considerable  electrochemical  polari¬ 
zation  in  these  processes. 

The  discharge  of  the  ions  Tl+,  Ag+,  Hg^**  Cd++,  Cu+,  Pb++  is  prac¬ 
tically  reversible,  while  a  marked  irreversibility  of  the  process  is 
observed  during  the  deposition  of  metals  on  the  mercury  electrode  from 
solutions  of  the  salts  of  Zn++,  Mn++,  Cr++  and  from  plumbite  solutions. 

Heyrovsky  advanced  the  hypothesis  that  the  polarization  during  the 
discharge  of  the  Zn++  ion  is  due  to  an  accumulation  of  an  intermediate 
univalent  ion  which  is  slowly  disproportioned  into  the  ion  Zn++  and  a 
Zn  atom: 

Zn**+t  Zn*  (A) 

2Zn*  -+  Zn**+Zn 

However,  according  to  the  statements  in  the  chapter  on  the  reduc¬ 
tion  and  oxidation  reactions  (see-  Chapter  ^),  the  electrical  reduction 
of  the  hypothetical  unstable  single-charge  Zn+  ion  would  probably  pro¬ 
ceed  more  readily  and  not  with  greater  difficulty  than  the  reaction  (A) 
and  it  is  more  logical  to  assume  that  the  electrochemical  polarization 
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occurring  during  the  discharge  of  zinc  ions  is  connected  with  the  first 
elementary  act  (A)  of  the  electrode  process  and  not  with  the  subsequent 
stages  [32].  It  can  be  assumed  that  similar  relationships  obtain  in  the 
inhibited  discharge  of  other  metal  ions,  although  there  is  as  yet  an 
insufficient  number  of  data  to  permit  final  conclusions. 

During  the  deposition  of  the  metals  of 
the  iron  group  from  aqueous  solutions  on  the 
surface  of  the  mercury  electrode,  considera¬ 
ble  overvoltages  are  observed.  In  this  case 
the  overvoltage  is  approximately  a  linear 
function  of  the  logarithm  of  the  current  den¬ 
sity:  n  *  a  +  b  lg  i.  Figure  100  [5]  gives 
the  overvoltage  as  a  function  of  the  loga¬ 
rithm  of  the  current  density  for  the  case  of 
the  separation  of  nickel  from  a  solution 
NiSOjj  +  H^BO^.  It  is  highly  probable  that  the 
relatively  large  overvoltage,  observed  for 
these  metals,  is  due  to  a  del.*'  of  the  stage 
of  discharge  of  the  ions.  However,  other  hy¬ 
potheses  have  also  been  advanced.  Thus,  it 
was  proposed  that  during  the  separation  of  ions  on  the  mercury  cathode 
the  metal  is  first  present  in  an  "active,”  highly  disperse  state,  be¬ 
cause  it  is  only  very  slightly  soluble  in  mercury  [6],  The  high  energy 
content  of  this  "active"  iron,  according  to  this  hypothesis,  causes  the 
anomalously  large  electrode  polarization.  This  circumstance  is  possibly 
of  some  significance;  however,  as  has  been  indicated  previously,  a 
strong  polarization  is  also  observed  during  the  discharge  of  the  ions 
of  metals  which  are  fairly  soluble  in  mercury,  such  as,  for  example,  in 
the  case  of  zinc.  On  the  other  hand,  during  the  separation  of  metals  of 
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Fig.  100.  Polarization 
during  the  discharge 
of  Ni*+  ions  from  a 
solution  of  NiSOjj  + 

+  H^BO^.  Curve  1:  mer¬ 
cury  cathode;  curve  2: 
nickel  cathode;  A) 
volt  (n. v. e . ) . 


the  iron  group  in  the  solid  crystalline  state  (Pig.  100,  curve  2)  unde^ 
conditions  which  exclude  the  formation  of  a  highly  disperse  system,  the 
discharge  of  the  ions  also  requires  a  relatively  large  potential  shift 
(see  also  §4) . 

In  addition  to  the  polarization  measurements,  the  method  of  iso¬ 
tope  tracers  [29]  can  be  applied  with  success  to  the  study  of  the  ki¬ 
netics  of  the  processes  of  discharge  of  metal  ions  at  the  mercury  elec¬ 
trode.  Their  use  is  based  on  the  same  principles  as  the  use  of  deuteri¬ 
um  in  studies  of  the  process  of  discharge  of  hydrogen  ions.  If  an  amal¬ 
gam  of  a  metal,  for  example,  zinc,  containing  radioactive  zinc,  is 
brought  into  contact  with  a  zinc  salt  solution,  the  exchange  rate  can 
be  gaged  on  the  basis  of  the  increasing  radioactivity  of  the  solution 
with  time  and  consequently,  the  magnitude  of  the  exchange  current  be¬ 
tween  amalgam  and  solution,  which  is  equal  to  the  rate  of  discharge  of 
the  Zn++  ions  or  the  ionization  of  zinc  amalgam  at  the  equilibrium  po¬ 
tential. 

If  the  corresponding  electrochemical  processes  take  place  at  a 
sufficient  rate,  the  exchange  currents  can  be  very  large.  Thus,  the  ex- 
change  current  in  2  N  ZnSO^  attains  0.08  amp/cm  .  The  addition  of  a 
complexing  agent,  for  example,  KCN,  to  the  solution  causes  a  marked  de¬ 
crease  in  the  exchange  current. 

S3.  PHENOMENA  OBSERVED  DURING  THE  APPEARANCE  AND  GROWTH  OP  A  NEW  PHASE 

In  cases  where  a  new  phase  is  obtained  as  a  result  of  the  process 
of  electrodeposition,  the  ion  discharge  conditions  show  typical  fea¬ 
tures.  At  the  initial  moment  of  the  appearance  of  the  new  phase  these 
features  appear  in  the  case  of  the  formation  of  a  solid  metal  crystal 
as  well  as  during  the  formation  of  a  drop  of  liquid  metal,  for  example, 
mercury;  during  further  growth,  however,  the  crystal  surface  and  the 
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liquid  surface  behave  differently  in  certain  respects.  The  points  of 
the  liquid  surface  are  on  the  average  energetically  equal  so  that  it  is 
a  matter  of  indifference  at  what  point  of  the  surface  of  the  liquid 
metal  the  atom  formed  during  the  discharge  of  the  ion  is  deposited.  The 
situation  is  different  during  the  growth  of  a  crystal  of  solid  metal  as 
a  result  of  the  electrodeposition  of  ions. 

Before  we  pass  on  to  a  discussion  of  the  conditions  urder  which 
the  process  of  the  appearance  and  growth  of  metallic  crystals  takes 
place  as  a  result  of  the  discharge  of  ions  (electrocrystallization 
process),  let  us  recall  certain  basic  concepts  concerning  the  mechanism 
of  normal  crystallization  which  does  not  involve  the  passage  of  elec¬ 
tricity  through  the  interface.  The  basis  of  this  trend  in  science  has 
been  laid  by  the  work  of  J.V.  Gibbs  and  the  Russian  scientist  G.V. 
Vul'f.  During  the  last  decase  the  theory  of  the  nucleation  and  growth 
of  crystals  has  been  greatly  developed  thanks  to  the  investigations  of 
Volmer,  Stransky  and  others.  Here  we  can  tough  only  upon  a  few  of  the 
most  elementary  aspects  of  this  important  problem  [7,  8,  9]. 

A  typical  and  long-known  peculiarity  of  the  process  of  the  appear¬ 
ance  of  a  new  phase  is  the  presence  of  an  initial  supersaturation.  As¬ 
suming  we  wish  to  cause  the  crystallization  of  a  salt  from  its  solution 
by  cooling.  If  the  solubility  of  the  salt  decreases  with  decrease  in 
temperature  we  can  achieve  a  state  by  cooling  of  the  solution,  in  which 
the  concentration  of  the  solution  corresponds  to  saturation,  i.e.,  the 
solution  can  be  in  equilibrium  with  the  solid  crystal.  At  this  stage, 
however,  the  separation  of  a  new  phase  does  not  yet  take  place.  To 
achieve  this  within  a  measurable  interval  of  time  it  is  essential  that 
the  concentration  of  the  solution  exceeds  in  a  certain  ratio  the  equi¬ 
librium  concentration,  or,  as  it  is  commonly  said,  that  a  certain  de¬ 
gree  of  oversaturation  is  attained.  The  oversaturation  is  considerably 
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reduced  if  a  small  crystal  of  the  same  substance  is  introduced  into  the 
solution  on  which  the  further  deposition  from  the  solution  can  take 
place.  The  crystallization  can  also  be  promoted  by  some  other  solid  if 
its  crystal  lattice  is  fairly  similar  to  the  lattice  of  the  crystals 
which  are  to  be  separated,  in  particular,  if  it  can  form  isomorphous 
mixtures  with  the  substance  to  be  separated  from  the  solution. 

The  oversaturation  phenomenon  is  explained  in  the  following  way. 
The  conditiion  of  equilibrium  between  two  phases  is  determined  by  the 
equality  of  the  chemical  potentials  of  each  component  in  the  two  phas¬ 
es.  The  chemical  potential  of  the  crystal  which  is  formed  under  condi¬ 
tions  close  to  equilibrium  thus  should  be  equal  to  the  chemical  poten¬ 
tial  of  the  same  substance  in  the  saturated  solution.  However,  the 
chemical  potential  of  the  crystal,  if  it  is  fairly  small,  depends  on 
its  dimensions;  if  the  size  of  the  crystal  is  greatly  reduced,  the 
chemical  potential  increases.  This  takes  place  in  consequence  of  the 
fact  that  the  proportion  of  atoms  in  a  small  crystal  which  are  at  the 
surface  and  are  less  strongly  bound  to  the  other  atoms  than  the  atoms 
in  the  center  of  the  crystal,  is  relatively  large.  Hence  small  crystals 
are  unstable  with  respect  to  a  saturated  solution  which  is  in  equilib¬ 
rium  with  large  crystals.  Very  small  crystals  formed  in  such  a  solution 
in  consequence  of  fortuitous  concentration  fluctuations,  again  decom¬ 
pose.  In  order  that  the  crystal  can  grow  in  a  solution  even  if  the  con¬ 
centration  of  the  latter  is  higher  than  the  saturation  concentration, 
it  is  essential  that  the  dimensions  of  the  crystal  should  exceed  a  cer¬ 
tain  critical  size  at  which  its  chemical  potential  is  equal  to  the 
chemical  potential  of  the  dissolved  substance  in  the  ambient  medium, 
i.e.,  at  which  the  solution  is  supersaturated  with  respect  to  a  crystal 
of  this  size.  Thus,  the  process  of  the  appearance  of  a  crystal  begins 
with  the  creation  of  a  nucleus  of  minimum  size  for  which  a  certain 


amount  of  work  must  be  expended  (see  further  on).  Obviously  this  work 
will  be  less  and,  consequently,  the  appearance  of  a  nucleus  more  prob¬ 
able,  if  the  critical  dimensions  of  the  nucleus  are  smaller.  This  con¬ 
dition  can  be  fulfilled  if  the  chemical  potential  of  the  dissolved  sub¬ 
stance  is  increased,  i.e.,  if  the  degree  of  oversaturation  of  the  solu¬ 
tion  is  increased.  It  follows  from  this  that  the  beginning  of  crystal¬ 
lization  is  promoted  by  an  increase  in  the  supersaturation  because  of 
the  fact  that  the  critical  dimensions  of  the  nucleus,  and,  consequent¬ 
ly,  also  the  work  required  for  its  creation,  are  reduced  in  proportion 
to  the  increase  in  supersaturation  and  that  the  probability  of  its  ap¬ 
pearance  is  increased. 

The  conclusions  presented  so  far  are  not  connected  with  the  regu¬ 
lar  arrangement  of  the  atoms  in  the  crystal  lattice  and  are  thus  equal¬ 
ly  applicable  to  the  case  of  the  formation  of  a  liquid  phase,  for  exam¬ 
ple,  of  drops  from  oversaturated  vapor.  Let  us  consider  the  quantita¬ 
tive  relationships  first  for  the  latter  example  because  they  are  simp¬ 
ler  in  this  case.  We  designate  the  concentration  of  the  saturated  vapor 
at  a  given  temperature  by  c  .  Then  the  radius  r  of  the  drop  which  can 
be  in  equilibrium  with  the  supersaturated  vapor  with  the  concentration 
a  at  the  same  temperature  and  which  can  thus  serve  as  a  nucleus  for  the 
growth  of  large  drops,  is  defined  by  the  Thomson  (Kelvin)*  relation: 


where  o  is  the  surface  tension  of  the  liquid,  and  v  its  molecular  vol¬ 
ume.  This  relation  is  easily  derived  thermodynamically.  In  order  to 
create  such  a  nucleus  drop  from  the  ambient  medium,  the  work  A ,  equal 
to 

A  =  joS,  (252) 

2 

must  be  expended,  where  S  is  the  surface  of  the  drop,  equal  to  JJnr  .  At 
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first  sight  it  may  be  incomprehensible  that  this  work  is  equal  to 
( 1/3 ) oS  and  not  to  oS.  The  last  value  would  indeed  be  correct  if  the 
drop  were  formed  from  the  liquid  phase  or,  at  constant  volume  of  the 
system,  from  the  saturated  vapor  in  equilibrium  with  a  liquid  phase 
which  has  a  flat  surface.  However,  when  a  drop  is  formed  from  supersat¬ 
urated  vapor,  work  can  initially  be  gained  by  transforming  it  from  the 
supersaturated  to  the  saturated  state.  This  gain  is  equal  to  RTln(c/c  ) 
per  mole  and,  consequently,  amounts  to 

( 253) 

for  the  quantity  of  substance  necessary  for  the  formation  of  a  drop 

with  radius  r.  Substituting  into  the  expression  (253)  the  value 

PTln(c/c  )  from  Eq.  (251),  we  obtain 
s 

(25H) 

Subtracting  the  quantity  (2/3)cS  from  the  work  oS,  which  must  be 

expended  for  the  formation  of  the  drop  from  saturated  vapor,  we  obtain 

the  value  A  given  in  Eq.  (252).  Substituting  into  (252)  the  value  S  =• 

2 

«  4irr  ,  calculated  by  means  of  Eq.  (251),  we  find 

3R*rQn-fy  (255) 

It  is  apparent  from  Eq.  (255)  that  the  work  of  formation  of  the 
nucleus  decreases  in  proportion  to  the  increase  in  the  degree  of  super¬ 
saturation  o/og  which  is  fully  understandable  because  the  size  of  the 
drop  nucleus  decreases  in  this  case. 

It  follows  from  statistical  mechanics  that  between  the  work  A  nec¬ 
essary  for  the  formation  of  the  drop  and  the  probability  W  of  this 
event  exists  the  relationship 

A 

IF-fl-c-**  (256) 

where  k  is  the  Boltzman  constant,  i.e.,  R/N  (N  is  the  number  of  mole- 
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cules  in  one  mole)  and  B  is  a  certain  proportionality  factor.  Of  deci¬ 
sive  importance  for  the  magnitude  of  W  is  the  expression  in  the  expo¬ 
nent  from  which  follows  that  the  probability  of  the  appearance  of  a 
nucleus  of  a  new  phase  should  markedly  increase  with  increase  in  super¬ 
saturation  . 

The  above-presented  concepts  are  also  applicable  to  a  crystalline 
nucleus,  with  the  sole  difference  that  the  surface  tensions  of  the  dif¬ 
ferent  faces  in  this  case  have  different  values.  Hence,  instead  of  the 
expression  for  A,  given  in  Eq.  (252),  we  must  write 

A  =  j2°iSi,  (257) 

where  the  summation  is  carried  out  with  respect  to  all  equilibrium  fac¬ 
ets  of  the  crystal.* 

The  values  for  the  work  of  formation  of  the  nucleus,  the  drop  or 
crystal  in  Eqs.  (25 2)  and  (257)  relate  to  the  case  of  nuclei,  which  ap¬ 
pear  within  the  volume  of  the  phase.  These  values  can  be  considerably 
lowered  (i.e.,  the  probability  of  appearance  of  the  nucleus  can  be  in¬ 
creased)  if  the  appearance  of  the  new  phase  takes  place  on  a  preexist¬ 
ing  Interface.  This  last  circumstance  is  again  most  easily  explained  by 
using  the  example/ of  a  liquid  drop. 

Assuming  that  the  liquid  drop  appears  not  in  the  volume  but  on  a 
solid  flat  wall.  We  designate  by  the  surface  tension  of  the  liquid, 
by  o 2  the  surface  tension  of  the  solid  surface  in  the  atmosphere  of  the 
vapor,  by  a the  interfacial  tension  at  the  liquid/solid  interface,  by 
S. ^  the  free  surface  of  the  drop  and  by  S12  the  interfacial  area  drop/ 
solid.  Then,  using  the  same  arguments  which  in  the  case  of  the  free 
drop  lead  to  Eq.  (25),  it  can  be  shown  that 

«  — (ojS| +  0||Sj,  —  (260) 

With  complete  wetting  °2  *  °i  +  °12*  51  =  ^12*  and  A  vanishes;  in 
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other  cases  it  will  decrease  compared  with  the  value  defined  by  Eq. 
(252)  and  this  decrease  will  be  greater  if  the  solid  wall  is  well  wet¬ 
ted  by  the  liquid.  The  physical  meaning  of  this  effect  is  that  the  work 
of  formation  of  the  nucleus  decreases  owing  to  the  gain  of  energy  con¬ 
nected  with  the  interaction  between  the  particles  of  the  solid  and  the 
liquid.  Analogously,  the  appearance  of  a  three-dimensional  crystalline 
nucleus  is  facilitated  by  the  presence  of  a  solid  surface,  the  magni¬ 
tude  of  this  decrease  depending  on  the  nature  of  the  surface  on  which 
the  formation  of  the  nucleus  occurs.  In  order  to  obtain  an  idea  of  the 
effect  of  the  nature  of  the  surface,  we  can  use  Eq.  (260)  from  which  it 
is  evident  that  the  work  A  will  be  less  if  the  quantity  a ^  at  the  in¬ 
terface  between  the  existing  and  newly  formed  phases  is  less.  Hence  a 
similarity  between  the  crystal  lattices  of  the  two  phases  facilitates 
th«  formation  of  a  crystalline  nucleus. 

As  is  evident  from  the  foregoing,  the  phenomena  observed  during 
the  formation  of  a  nucleus  of  a  new  crystalline  phase  are  in  many  re¬ 
spects  analogous  to  those  observed  during  the  formation  of  a  drop,  al¬ 
though  large  quantitative  differences  can  exist  between  these  two  cas¬ 
es,  even  if  they  are  merely  due  to  the  fact  that  the  surface  tension  o 
of  solid  bodies  is  much  greater  than  that  of  liquids. 

An  important  difference  between  the  liquid  and  solid  phase  is 
found  when  we  examine  the  conditions  of  their  further  growth.  While  in 
the  case  of  the  liquid  surface  a  further  combination  of  particles  with 
the  previously  formed  drop  takes  place  without  impediment,  the  forma¬ 
tion  of  every  new  layer  at  the  face  of  a  growing  crystal  encounters 
difficulties  somewhat  similar  to  those  which  appear  during  the  forma¬ 
tion  of  a  crystal  nucleus.  This  is  due  to  the  circumstance  that  differ¬ 
ent  atom  positions  (here  we  limit  consideration  to  the  case  of  an  atom¬ 
ic  lattice)  at  the  faces  of  a  growing  crystal  are  energetically  non- 
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equivalent.  Let  us  elucidate  this  by  means  of  several  simple  examples. 

Let  us  visualize  the  facet  of  a  crystal  in  the  cubic  system,  di¬ 
vided  into  several  elementary  cells  like  a  chessboard.  Let  us  consider 
the  different  positions  of  an  atom  on  this  facet  from  the  point  of  view 
of  their  bond  strength.  Assuming  the  atom,  represented  in  the  form  of  a 
cube,  is  in  the  middle  of  the  face  (Fig.  101a);  such  an  atom  has  only 
one  near  neighbor,  namely  the  atom  which  is  under  it.  The  interaction 
of  this  atom  with  the  surface  is  determined  to  a  large  extent  by  the 
interaction  with  this  single  atom  which  is  directly  below  it  and  not 
with  the  more  remote  atoms  which  form  the  crystal  lattice.  It  is  obvi¬ 
ous  that  the  position  of  the  atom  shown  in  Fig.  101a  is  not  energet¬ 
ically  advantageous.  The  position  of  the  deposited  atom  is  more  favor¬ 
able  if  it  adjoins  a  complete  row  (the  atoms  marked  with  a  cross  in 
Fig.  101b)  because  in  this  case  it  has  two  near  neighbors.  An  even 
greater  energy  gain  is  obtained  when  the  atom  is  deposited  in  the  posi¬ 
tion  marked  with  a  cross  in  Fig.  101c,  when  the  atom  continues  a  row 
which  has  already  been  started  and  is  contiguous  to  a  previously  com¬ 
pleted  row;  in  this  case  the  atom  has  three  nearest  neighbors.  If  the 
filling  of  a  new  plane  with  fairly  large  dimensions  takes  place  con¬ 
secutively,  one  row  after  another,  the  deposition  of  most  atoms  takes 
place  under  conditions  corresponding  to  the  last  case  examined  by  us 
(the  so-called  case  of  the  repeating  step). 


Fig.  101.  Di-ferent  positions  of  an  atom  on 
growing  facet  of  a  crystal. 
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It  is  clear  from  the  foregoing  that  the  atoms  on  a  partly  filled 
surface  of  a  crystal  face  are  not  energetically  equal;  the  atoms  at 
the  edges  of  the  filled  section  have  an  excess  of  free  energy  compared 
with  the  atoms  which  are  in  the  center.  In  the  case  of  a  three-dimen¬ 
sional  body  the  energetic  inequality  of  the  atoms  in  the  volume  and  at 
the  surface  causes  the  appearance  of  surface  tension;  for  "two-dimen¬ 
sional"  bodies,  i.e.,  for  formations  consisting  of  a  single  molecular 
layer,  we  must  analogously  introduce  the  concept  of  the  peripheral  ten¬ 
sion  p.  The  product  of  the  peripheral  tension  and  the  length  of  the 
perimeter  l ,  bounding  the  occupied  surface  of  the  face  (Fig.  102)  de¬ 
fines  the  excess  free  energy  In  such  a  two-dimensional  body  compared 
with  the  energy  contained  in  the  same  quantity  of  substance  which  forms 
part  of  a  filled  plane  of  Infinite  sice.  In  the  case  of  a  two-dimen¬ 
sional  crystal  which  Interests  us,  the  magnitude  of  p  naturally  depends 
on  the  direction  of  the  linear  boundary  in  the  same  way  as  the  magni¬ 
tude  of  a  depends  on  the  orientation  of  the  crystal  face. 

Using  these  concepts  we  can  find  several  relations  analogous  to 
Eqs.  (251),  (256)  and  (257)  but  relating  to  a  two-dimensional  crystal. 
Thus  it  can  be  Shown  that  between  the  oversaturation  and  the  linear 
dimensions  of  the  two-dimensional  crystal,  which  is  thermodynamically 
stable  at  the  given  oversaturation,  exists  a  relationship  analogous  to 
Eq.  (251),  which,  however,  contains  instead  of  the  surface  tension  the 
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Fig.  102.  Schematic  representation  of  a 
two-dimensional  nucleus  on  a  growing  crys¬ 
tal  face. 


peripheral  tension  p.  This  relation  determines  the  size  of  the  two-di¬ 
mensional  crystal  which  can  serve  as  nucleus  for  the  formation  of  a  new 
layer  on  the  given  face.  For  the  work  of  formation  A ^  of  such  a  nucleus 
we  obtain  an  expression  which  differs  from  the  expression  for  the  work 
of  formation  of  a  three-dimensional  nucleus  (257)  only  by  the  numerical 
coefficient : 

(261) 

The  summation  in  the  right  part  of  Eq.  (26l)  must  be  carried  out 
over  the  entire  length  of  the  perimeter  which  limits  the  two-dimension¬ 
al  nucleus.  Between  the  probability  of  the  appearance  of  a  two-dimen¬ 
sional  nucleus  and  the  quantity  A ^  exists  a  relation  which  is  complete¬ 
ly  analogous  to  Eq.  (256), 

U 7x^nlC~&,  (262) 

where  B ^  is  also  a  proportionality  factor. 

The  concepts  presented  here  give  the  following  picture  of  crystal 
growth.  In  presence  of  a  certain  (slight)  oversaturation  two-dimension¬ 
al  nuclei  of  a  new  layer  can  be  formed  fairly  frequently  on  the  termi¬ 
nal  layer.  Such  a  nucleus  appears,  etc.  Thus,  the  growth  of  the  crystal 
takes  place  in  layers,  each  layer  having  a  thickness  of  the  order  of 
molecular  dimensions. 

In  some  cases,  for  example,  during  the  growth  of  paratoluidine 
crystals  from  its  vapor,  it  has  actually  been  possible  by  means  of  per¬ 
fected  optical  methods  to  observe  the  appearance  of  mono-  or  dimolecu- 
lar  layers  with  constant  thickness  on  the  surface  of  the  growing  crys¬ 
tal.  More  frequently,  however,  these  layers  form  a  thicker  layer;  sev¬ 
eral  successive  layers  fuse  into  a  single  layer  whose  boundary  moves 
along  the  surface  of  the  growing  face.  The  cause  of  this  transition  to 
relatively  thick  layers  has  not  yet  been  fully  elucidated;  we  shall 
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consider  one  possible  cause  of  this  phenomenon  In  the  following. 

It  must  be  pointed  out  that  the  pattern  of  crystal  growth  as  pre¬ 
sented  in  the  foregoing  Is  extremely  simplified.  In  particular,  we  have 
constantly  assumed  that  the  shape  of  the  growing  crystal  is  Ideally 
regular.  Real  growing  crystals  invariably  show  deviations  from  this 
ideal  structure,  particularly  in  the  case  of  marked  oversaturation.  As 
a  more  detailed  theory  shows,  the  presence  of  such  deviations  reduces 
the  work  of  formation  of  the  two-dimensional  nuclei  and  lowers  the  su- 
persaturation  limit  at  which  crystal  growth  at  a  noticeable  rate  is 
still  possible  [9]. 


§4.  FORMATION  AND  GROWTH  OF  THE  METALLIC  PHASE  DURING  THE  PROCESS  OF 
ELECTRODEPOSITION 

The  basic  conclusions  which  we  have  derived  during  the  examination 
of  the  conditions  of  the  appearance  and  growth  of  crystals,  can  be  ap¬ 
plied  to  the  processes  of  electrodeposition.  However,  whilst  the  proba¬ 
bility  of  the  formation  of  three-dimensional  and  two-dimensional  nu¬ 
clei  during  the  normal  crystallization  process  is  determined  by  the 
oversaturation,  in  this  case,  in  which  the  transition  of  a  particle 
from  the  solution  into  the  metal  lattice  is  effected  by  imparting  an 
electrical  charge  to  it,  the  role  of  the  oversaturation  is  played  by 
the  additional  (with  respect  to  the  equilibrium  potential)  potential 
difference  at  the  metal/solution  interface,  i.e.,  the  electrode  polar¬ 
ization.  The  difference  of  the  chemical  potentials  y  -  y  of  the  sub- 

© 

stance  in  the  state  of  an  equilibrium  nucleus  and  in  the  massive  form 
in  the  case  of  crystallization  from  supersaturated  solutions  is  equal 
to  RTln(c/o  J ,  whereas  in  the  case  of  electrodeposition  this  quantity 
can  be  expressed  by  the  difference  of  the  electric  potentials,  i.e., 
the  magnitude  of  the  polarization  n^.  Thus,  according  to  Eq.  (259), 
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(263) 


,  —  K_*| 2. 

This  equation  enables  us  to  establish  a  relationship  between  the 
dimensions  of  the  nucleus  and  the  polarization  nK  which  is  specifically 
connected  with  the  formation  of  the  nucleus  [7].  In  the  case  when  an 
impoverishment  of  the  solution  with  regard  to  the  metal  ions  takes 
place  at  the  same  time,  the  quantity  is  added  to  the  concentration 
polarization. 

The  relations  (257)  and  (256)  which  define  the  work  of  formation 
of  the  nucleus  and  the  probability  of  its  appearance,  remain  in  force 
for  the  case  of  electrodeposition  as  well.  Thus  we  are  enabled  to  de¬ 
termine  the  minimum  polarization  at  which  separation  of  a  metal  on  a 
foreign  surface  can  take  place  within  an  observable  interval  of  time. 
Using  this  approach,  Volmer  calculated  the  minimum  overvoltage  during 
the  separation  of  mercury  from  a  dilute  solution  of  mercuric  acetate  on 
carbon.  It  was  necessary  in  this  case  to  introduce  a  correction  for  the 
fact  that  mercury,  although  only  slightly,  nevertheless  wets  carbon 
and,  consequently,  the  work  of  nucleus  formac.4on  is  reduced.  The  mini¬ 
mum  polarization  thus  calculated  was  0.34  v;  the  experimental  value  was 
about  0.2  v. 

The  concepts  used  here  are  somewhat  analogous  to  those  mentioned 
by  us  in  Chapter  5  of  the  theory  of  hydrogen  overvoltage  which  con¬ 
nected  the  polarization  during  the  separation  of  hydrogen  with  the 
oversaturation,  necessary  for  the  formation  of  gas  bubbles.  However, 
the  work  required  for  the  formation  of  a  gas  bubble  is  relatively 
small,  and  the  polarization  connected  with  this  stage  of  the  process  of 
hydrogen  separation  can  be  neglected  compared  with  the  electrochemical 
polarization  involved  in  the  discharge  of  the  hydrogen  ion  (with  the 
exception  of  the  case  in  which  the  gas  evolution  takes  place  at  a  cath¬ 
ode  with  very  low  overvoltage).  The  situation  is  different  in  the  case 
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under  consideration  here  of  the  formation  of  a  nucleus  of  the  metallic 
phase,  because  the  work  of  formation  of  such  a  nucleus,  due  to  the 

large  value  of  the  interfacial  tension,  is  large  while  the  electrochem¬ 

ical  polarization  (for  example,  during  the  discharge  of  mercury  ions) 
can  be  very  small. 

The  polarization  phenomena  occurring  during  the  separation  of  a 
new  crystalline  phase  were  studied  by  A.G.  Samartsev  and  K.S.  Yev- 
strop'yev  [10].  According  to  the  data  of  these  authors,  the  cathode  po¬ 
tential  during  the  electrodeposition  of  solid  metals  on  a  foreign  base 
with  constant  current  intensity  is  a  function  of  time,  similar  to  that 
shown  in  Fig.  103 •  The  quantity  of  electricity  supplied  from  outside  is 

first  consumed  for  the  charging  of  the  cathode  surface,  whose  potential 

is  shifted  to  the  negative  side  (and  also  in  the  formation  of  an  ad¬ 
sorbed  layer  of  the  atoms  of  the  separated  metal,  see  further  on).  When 
a  certain  "initial  overvoltage"  is  attained,  sufficient  for  the  separa¬ 
tion  of  the  nucleus  and  the  appearance  of  crystallization  centers,  the 
discharge  of  the  metal  ions  begins.  Because  the  growth  of  a  previously 
formed  crystal  can  take  place  at  a  considerable  rate  at  an  overvoltage 
which  is  less  than  that  required  for  the  formation  of  the  nucleus,  part 
of  the  overvoltage  is  taken  off  and  the  potential  assumes  a  less  nega¬ 
tive  value.* 

By  substituting  the  value  of  nK  from  Eqs.  (263)  and  (259)  into 
Eq.  (255),  we  can  find  the  relation  between  the  quantity  A  and  nK: 


From  Eqs.  (255a)  and  (256)  follows 


(255a) 


W  =  Be\*K,  (256a) 

where  k ^  is  a  constant.  Assuming  that  the  time  t  required  for  the  for¬ 
mation  of  a  nucleus  on  the  electrode  during  constant  overvoltage  nK  is 


Fig.  103.  Polarization  curve  for  the  electrodeposition  of  a  metal  on  a 
foreign  surface;  Air)  Initial  increase  in  overvoltage;  n)  stable  over¬ 
voltage  during  prolonged  passage  of  current.  The  point  A  corresponds 
to  the  moment  of  interruption  of  the  current.  A)  mv  (n.v.e.);  B)  time, 
minutes . 

inversely  proportional  to  its  probability  W  of  appearance,  the  Bulgari¬ 
an  scientists  R.  Kaishev,  A.  Sheludko  and  R.  Bliznakov  [11]  subjected 
Eq.  (256a)  to  experimental  verification  for  the  case  of  the  deposition 
of  silver  on  a  platinum  electrode,  by  measuring  the  value  of  t  and  con¬ 
firmed  its  correctness. 

In  the  case  of  incipient  electrodeposition  of  ions  on  the  surface 
of  the  same  metal,  a  direct  continuation  of  the  lattice  of  the  base  is 
not  always  possible  and  the  process  can  often  take  place  only  by  forma¬ 
tion  of  new  three-dimensional  nuclei  as  in  deposition  on  a  foreign 
base.  This  can  be  observed,  for  example,  when  the  metal  surface  is 
covered  with  an  oxide  film;  in  other  cases,  as  will  be  shown  further 
on,  the  presence  of  adsorbed  organic  substances  is  sufficient. 

At  potentials  at  which  the  formation  of  a  three-dimensional  nucle¬ 
us  is  not  yet  possible,  the  metal  ions  can  be  discharged  with  the  for¬ 
mation  of  atoms  which  are  adsorbed  on  the  electrode  surface  or  dis¬ 
solved  in  its  surface  layer.  These  phenomena  are  in  many  respects  anal- 
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ogou8  to  the  formation  of  adsorbed  layers  of  hydrogen  on  platinum  at 
potentials  at  which  separation  of  hydrogen  into  the  volume  does  not  yet 
take  place.  The  electrochemical  properties  of  such  adsorbed  layers  can 
be  successfully  studied,  as  has  been  shown  in  particular  by  the  inves¬ 
tigations  carried  out  in  the  laboratory  of  the  French  scientist  F. 
Joliot-Curie  [30],  when  solutions  containing  compounds  of  radioactive 
elements  in  strong  dilution  are  used  as  electrolytes.  The  quantity  of 
deposited  substance  is  determined  in  this  case  on  the  basis  of  the  ra¬ 
dioactivity  acquired  by  the  electrode. 

During  the  growth  of  a  newly  formed  nu- 
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Fig.  10*4.  Formation  of 
a  "halo"  around  a  grow¬ 
ing  crystal  in  conse¬ 
quence  of  the  lowering 
of  the  probability  of 
formation  of  new  nuclei 
caused  by  impoverish¬ 
ment  of  the  solution. 


>nce  when  metal  is  deposited  on  a  cathode 
which  the  formation  of  new  crystal  nuclei 
is  made  possible  by  an  increase  in  current 
density,  "haloes"  are  observed  around  the 
growing  crystals  which  are  free  of  new  crys¬ 
tallization  centers  (Fig.  10*0  [12]. 

According  to  Erdey-Gruz  and  Volmer, 

crystal  growth  during  electrodeposition,  as  in  the  case  of  normal  crys¬ 
tallization,  takes  place  in  layers  in  consequence  of  the  formation  of 
two-dimensional  nuclei,  which  grow  and  fill  the  surface  of  the  crystal 
face.  On  the  basis  of  Eqs.  (26l)  and  (262)  it  is  possible  to  connect 
the  probability  of  the  formation  of  a  two-dimensional  nucleus  and,  con¬ 
sequently,  the  growth  rate  of  the  crystal,  with  the  polarization.  Sev¬ 
eral  attempts  have  been  made  in  this  direction  [13] »  but  the  relations 
obtained' to  date  have  not  been  sufficiently  confirmed  in  the  interpre- 
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tation  of  the  experimental  polarization  curves.  There  is  no  doubt  that 
the  phenomena  observed  during  the  growth  of  real  crystals  are  much  more 
complex  than  the  simplified  pattern  discussed  in  the  foregoing. 


the  basis  face  of  a  zinc  crys¬ 
tal  (1280  *  magnification). 
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Observations  on  the  faces  of  growing  crystals  show  that  not  lay¬ 
ers  of  molecular  dimensions  but  relatively  thick  "packets"  which  are 
readily  visible  under  the  microscope  (Fig.  105,  according  to  K.M.  Gor¬ 
bunova)  extend  over  the  surface  of  the  crystal  face.  The  growth  front 
of  this  packet  can  have  a  stairway  structure  which  is  easily  visible  in 
the  diagram,  but  even  the  individual  steps  consist  of  many  hundreds  or 
thousands  of  elementary  layers.  By  means  of  microkinematography  it  is 
possible  to  observe  the  movement  of  the  growth  front  of  the  packet 
along  the  crystal  face.  At  the  growth  front  of  the  packet  a  rapid  dis¬ 
charge  of  metal  ions  takes  place  and  an  impoverishment  of  the  solution 
occurs  which  causes  concentration  polarization.  If  the  dissolved  elec¬ 
trolyte  is  replenished,  for  example,  by  directing  a  flow  of  solution 
against  the  growth  front,  the  direction  of  propagation  of  the  packet 
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can  be  Influenced  [1*0. 

The  question  as  to  why  the  individual  elementary  two-dimensional 
nuclei  aggregate  ^o  thicker  packets  is  of  considerable  interest.  This 
aggregation  should  reduce  somewhat  the  surface  energy  of  the  growing 
crystal  and  in  this  sense  it  is  energetically  advantageous  but  the 
problem  of  its  molecular  mechanism  has  not  yet  been  elucidated.  It  is 
possible  that  the  existence  of  passivation  phenomena,  which  will  be 
discussed  in  $5  of  the  chapter,  promotes  the  almost  simultaneous  ap¬ 
pearance  of  a  large  number  of  two-dimensional  nuclei  arranged  one  above 
the  other.  The  phenomena  observed  during  layerwise  growth  were  dis¬ 
cussed  by  K.M.  Gorbunova  and  P.D.  Dankov,  taking  into  account  the  work 
required  for  the  formation  of  the  two-dimensional  nucleus  and  the  con¬ 
centration  polarization  [14]. 

A  large  number  of  studies  has  been  devoted  to  the  elucidation  of 
the  dependence  of  the  polarization  on  the  current  density  during  the 
electrodeposition  of  metals.  The  interpretation  and  comparison  of  the 
data  thus  obtained  presents  great  difficulties,  connected  primarily 
with  the  determination  of  the  true  current  density.  On  a  growing  crys¬ 
tal  face  the  discharge  of  ions  at  any  moment  of  time  takes  place  along 
the  growth  front  of  the  packets  and,  probably,  predominantly  at  the  end 
of  the  unfinished  rows  of  atoms  and  not  over  the  entire  area  of  the 
face.  Moreover,  as  will  be  discussed  further  on,  all  faces  of  the  crys¬ 
tal  normally  do  not  grow  simultaneously.  Hence  the  mean  current  density 
relating  to  the  total  geometrical  surface  of  the  crystal  often  does  not 
have  a  definite  physical  meaning.  Nonetheless  various  qualitative  con¬ 
clusions  in  this  area  can  be  Indicated  which  have  been  fairly  strongly 
established . 

In  some  cases  the  polarization  during  the  electrodeposition  of 
metals  is  very  low  and  is  mainly  concentration  polarization.  This  has 
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been  shown  in  particular  detail  for  the  case  of  the  deposition  of  sil¬ 
ver  from  solutions  of  silver  nitrate  [12].  According  to  N.T.  Kudryav¬ 
tsev,  the  polarization  is  mainly  of  a  concentration  nature  also  in  the 
case  of  the  deposition  of  zinc  from  zlncate  solutions  [15].  O.A.  Yesin 
[16]  believes  that  during  the  separation  of  zinc  from  complex  cyanide 
solutions  the  polarization  observed  in  this  case  is  due  to  a  delay  of 
the  discharge  and  during  the  separation  of  copper  from  similar  solu¬ 
tions  only  concentration  polarization  is  observed.  The  predominant  con¬ 
centration  nature  and  the  small  total  polarization  during  the  separa¬ 
tion  of  silver  from  an  AgNO^  solution  shows  that  the  work  of  formation 
of  the  two-dimensional  nucleus  on  an  uncontaminated  face  of  a  growing 
silver  crystal  is  small.  The  temperature  dependence  of  the  polarization 
occurring  during  the  electrodeposition  of  metals  has  been  studied  by 
S.Y.  Gorbachev  [31]. 

During  the  electrodeposition  of  the  metals  of  the  iron  group,  a 
considerable  electrochemical  polarization  is  observed  and  an  approxi¬ 
mately  linear  relation  between  the  polarization  and  the  logarithm  of 
the  current  density,  if  the  polarization  fairly  high.  The  polariza¬ 
tion  in  this  case,  however,  i3  somewhat  less  than  during  the  deposition 
of  the  same  metals  on  the  mercury  cathode  (curve  2,  Fig.  100).  At  low 
polarization,  as  in  the  case  of  hydrogen  separation,  the  polarization 
is  a  linear  function  of  the  current  density. 

V.A.  Royter,  V.A.  Yuza  and  B.S.  Poluyan  compared  the  polarization 

o 

during  the  electrodeposition  of  iron,  which  they  consider  to  be  due  to 
a  delay  of  the  discharge,  with  the  polarization  during  the  electrodep¬ 
osition  of  zinc  [18.  In  order  to  avoid  the  effect  of  surface  variations 
caused  by  crystal  growth  during  electrodeposition,  the  authors  used 
the  oscillographic  method.  According  to  these  authors,  the  discharge  of 
iron  ions  takes  place  1000  times  more  slowly  than  the  discharge  of  the 


zinc  ions  at  the  same  polarization. 

It  should  be  pointed  out,  however,  that  the  polarization  during 
electrodeposition,  for  example,  of  nickel,  cannot  be  completely  ex¬ 
plained  by  a  delay  of  the  discharge  stage  [19]. 

The  determination  of  the  laws  which  connect  the  polarization  dur¬ 
ing  the  electrodeposition  of  metals  with  other  physicochemical  proper¬ 
ties,  is  made  difficult  not  only  by  the  inaccuracy  of  the  measurement 
of  the  true  current  density  but  also  by  the  strong  influence  exerted 
on  the  proces.;  of  electrodeposition  by  oxide  films  which  are  present  on 
metal  surfaces  in  many  cases  and  which  Increase  the  work  of  formation 
of  crystal  nuclei  compared  with  their  work  of  formation  on  a  clean  met¬ 
al  surface. 

Up  to  now  we  have  almost  exclusively  dwelt  on  the  individual  ele¬ 
mentary  stages  of  the  process  of  electrodeposition,  the  discharge  of 
ions  and  the  appearance  and  growth  of  an  individual  crystal.  The  prob¬ 
lems  which  we  encounter  when  we  consider  the  conditions  of  formation  of 
galvanic  coatings,  are  much  more  complex. 

B.S.  Yakobi  has  already  pointed  out  the  need  for  a  detailed  study 
of  the  influence  of  the  electrolysis  conditions  on  the  properties  of 
the  metallic  coatings  obtained  by  electrodeposition.  A  beginning  in  the 
modern  investigations  In  this  field  in  our  country  was  made  by  the  work 
of  N.A.  Izgaryshev  and  co-workers.  The  practically  useful  coatings  are 
formed  from  a  large  number  of  fine  crystals  which  frequently  show  a 
certain  preferred  orientation.  If  the  coating  should  have  good  protect¬ 
ing  properties  it  is  essential  that  the  crystals  are  strongly  adhering 
to  each  other  and  to  the  base  to  which  the  coating  is  applied;  further¬ 
more,  the  coating  must  be  free  of  pores.  The  nature  of  the  deposit  is 
obviously  determined  by  the  conditions  of  the  formation  and  growth  of 
the  individual  crystals,  and  all  factors  which  influence  these  process- 
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es  (such  as  temperature,  composition  and  concentration  of  the  solution, 
current  density,  mixing  conditions,  presence  of  complexing  agents  in 
the  solution,  which  increase  the  electrochemical  polarization,  the 
presence  of  adsorbed  organic  compounds  in  the  form  of  a  true  or  col¬ 
loidal  solution)  affect  also  the  quality  of  the  coatings  thus  formed. 

We  cannot  dwell  here  in  greater  detail  on  these  questions  which  are 
considered  in  special  courses  on  electroplating. 

Investigation  of  the  crystal  structure  of  the  metallic  coatings  by 
x-ray  diffraction,  electron  microscopic  and  particularly  electron  dif¬ 
fraction  leads  to  interesting  conclusions.  If  the  electrodeposition  is 
carried  out  on  the  surface  of  a  metal  crystal,  the  crystal  lattice  of 
the  deposit  is  orientated  in  such  a  way  that  the  layer  of  atoms  is 
parallel  to  the  atom  layers  in  the  original  crystal.  The  orientating 
effect  of  the  base  takes  place  if  the  difference  in  the  lattice  con¬ 
stants  of  the  original  metal  and  that  formed  during  the  process  of 
electrodeposition  is  not  too  great  (not  exceeding  about  1550;  the  ori¬ 
entation  extends  over  a  relatively  large  distance  in  the  depth  of  the 
growing  deposit,  amounting  to  some  tenths  of  a  micron  or  even  several 
microns.  This  effect  disappears  at  greater  distances  so  that  the  orien¬ 
tation  of  the  crystallites  is  now  determined  by  the  electrodeposition 
process  and  is  independent  of  the  structure  of  the  base.  The  orientat¬ 
ing  effect  also  disappears  when  large  current  densities  are  used,  in 
which  case  a  large  number  or  randomly  orientated  crystallites  are 
formed  [20]. 

The  phenomena  of  electrodeposition  are  also  complicated  by  another 
circumstance.  At  the  potentials  at  which  the  electrodeposition  of  many 
metals  takes  place,  a  discharge  of  hydrogen  ions  (particularly  when  the 
pH  of  the  solution  is  not  too  high)  can  also  take  place  in  addition  to 
the  discharge  of  the  metal  ions.  The  relative  distribution  of  the  cur- 
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rent  between  the  reactions  of  metal  ion  and  hydrogen  ion  discharge  is 
determined  by  the  ratio  of  their  concentrations  in  the  solutior  and  al¬ 
so  by  the  magnitude  of  the  hydrogen  overvoltage  [21].  The  simultaneous 
separation  of  hydrogen  not  only  lowers  the  current  yield  of  the  metal 
but  can  also  cause  a  disturbance  of  the  conditions  of  growth  and  adhe¬ 
sion  of  the  crystallites  of  the  deposit.  In  some  cases  in  which  a  large 
hydrogen  overvoltage  prevents  the  separation  of  hydrogen  in  molecular 
form,  the  dissolution  of  hydrogen  in  the  metal  lattice  and  formation  of 
adsorbed  layers  of  hydrogen  atoms  can  disturb  the  regularity  of  the 
crystal  lattice  of  the  metal.  During  the  deposition  of  antimony  from 
acid  solutions  at  high  current  densities  the  growth  delay  of  the  crys¬ 
tals,  caused  by  the  presence  of  adsorbed  hydrogen  and  dissolved  hydro¬ 
gen  has  the  result  that  the  deposits  have  an  amorphous  structure.  Dis¬ 
solved  hydrogen  has  a  strong  effect  on  the  properties  of  electrolyti- 
cally  deposited  Fe  and  N1  by  slowing  down  the  process  of  their  trans¬ 
formation  into  ions  [22]. 

§5.  EFFECT  OF  SURFACE-ACTIVE  SUBSTANCES  ON  THE  ELECTRODEPOSITION  OF 
METALS 

As  indicated  in  the  foregoing,  the  electrochemical  reaction  of  the 
discharge  of  the  ions  of  various  metals  can  be  very  fast  but  this  reac¬ 
tion  can  be  inhibited  by  the  adsorption  of  impurity  substances  on  the 
electrode  such  as,  for  example,  the  adsorption  of  oxygen  (with  forma¬ 
tion  of  oxide  layers)  and  particularly  the  adsorption  of  organic  com¬ 
pounds.  The  source  of  the  organic  surface-active  substances  are  either 
special  additions  to  the  solution  or  fortuitous  contamination  of  the 
solution.  The  processes  of  the  formation  and  growth  of  metal  crystals 
are  highly  sensitive  to  the  adsorption  of  organic  substances,  and  de¬ 
posits  with  special  properties  can  be  obtained  in  some  cases,  for  exam- 
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pie,  bright  deposits,  only  if  certain  surface-active  compounds  are  add¬ 
ed. 

Various  results  of  general  interest  were  obtained  during  the  study 
of  the  comparatively  simple  reaction  of  the  electrodeposition  of  silver 
from  silver  nitrate  solution.  The  phenomenon  which  is  often  termed 
cathodic  passivation  of  the  faces  of  the  growing  crystal  [12]  is  par¬ 
ticularly  clearly  evident  in  this  case  although  its  mechanism  differs 
from  the  mechanism  of  the  normal  passivation  of  metals  which  will  be 
discussed  in  the  next  chapter. 

This  phenomenon  can  be  observed,  for  example,  under  the  following 
conditions.  Assuming  that  we  interrupt  the  current  for  a  certain  length 
of  time  during  the  growth  of  the  silver  crystal.  If  it  is  then  again 
switched  on,  the  overvoltage  proves  to  be  higher.  The  increase  in  the 
overvoltage  is  due  to  the  fact  that  the  nature  of  the  growth  has 
changed.  Instead  of  a  continuance  of  the  growth  of  the  crystal  face 
which  has  grown  up  to  the  moment  of  switching  off  of  the  current,  a  new 
crystallite  appears  on  it  which  is  sometimes  microscopically  distin¬ 
guishable  from  the  original  crystal.  In  other  cases,  for  example.  If 
the  interruption  of  the  current  Is  shorter,  only  part  of  the  growing 
crystal  face  may  prove  to  be  passivated.  This  phenomenon  depends  on  the 
presence  of  foreign  adsorbed  substances  in  the  solution  and  disappears 
if  the  solution  is  very  carefully  purified.  An  adsorption  of  the  dis¬ 
solved  impurities  takes  place  on  the  surface  of  the  metal  and  these  ac¬ 
cumulate  on  the  surface  in  relatively  large  quantity  when  the  current 
is  interrupted.  This  makes  a  normal  growth  of  the  faces  with  formation 
of  two-dimensional  nuclei  practically  impossible  and  to  continue  the 
growth  the  potential  must  be  increased  to  a  value  at  which  new  three- 
dimensional  nuclei  appear.  If  a  part  of  the  surface  remains  unpassivat- 
ed,  the  increased  effective  current  density  in  this  case  also  results 


in  an  increase  in  the  overvoltage  [12]. 

The  influence  of  the  adsorption  of 
impurities  is  also  felt  during  normal 
growth  without  interruption  of  the  cur¬ 
rent.  If  the  deposition  of  silver  from 
a  solution  of  silver  nitrate  is  carried 
out  with  weak  current,  only  a  single 
crystal  grows  at  the  electrode  and  its 
growth  is  accomplished  in  such  a  way 
that  a  thin  filament  (dendrite)  is 
formed.  This  form  of  growth  depends  on 
a  difference  in  the  adsorption  of  surface-active  substances  at  differ¬ 
ent  faces  of  the  crystal.  The  faces  of  the  crystal  on  which  the  sub¬ 
stance  is  strongly  adsorbed,  do  not  grow,  and  the  face  with  a  relative¬ 
ly  clean  surface  grows  without  hindrance  [12]. 

A  typical  phenomenon,  detected  by  A.G.  Samartsev  [2*4]  Is  observed 
during  variation  of  the  current  intensity.  It  would  be  natural  to  ex¬ 
pect  that  when  the  current  intensity  is  increased,  the  growth  rate  of 
the  filament  would  also  increase.  Actually,  however,  this  is  not  the 
case.  When  the  current  density  increases,  at  least  within  a  certain  in¬ 
terval,  the  cross  section  of  the  crystal  increases  proportionally  to 
the  current  (Fig.  106a,  according  to  A.T.  Vagramyan)  so  that  the  cur¬ 
rent  density  and,  consequently,  the  growth  rate,  remain  constant. 

According  to  A.T.  Vagramyan  [12]  and  K.M.  Gorbunova  [17]  this  pe¬ 
culiarity  of  the  electrochemical  growth  of  a  filamentary  single  crystal 
can  be  explained  in  the  following  manner.  The  newly  appearing  metal 
surface  is  contaminated  by  the  substance  adsorbed  from  the  solution  at 
a  certain  rate.  If  the  rate  of  formation  of  the  new  surface  is  less 
than  the  rate  of  passivation,  further  separation  of  the  metal  on  this 
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Fig.  106.  Variation  of  the 
diameter  of  a  growing  silver 
crystal  (a)  and  of  the  p  - 
larization  with  variation  of 
current  intensity  (b).  The 
moments  of  the  increase  and 
decrease  of  the  current  den¬ 
sity  are  indicated  by  ar¬ 
rows.  A)  Time;  B)  minutes. 


surface  is  impossible.  Hence,  if  the  current  density  is  decreased, 
growth  stops  at  the  edges  of  the  growing  face  where  the  rate  of  passi¬ 
vation  is  greater  because  of  the  more  favorable  conditions  of  supply  of 
the  adsorbed  substance  from  the  solution  and  the  g'  owth  front  is  nar¬ 
rowed  while  the  linear  growth  rate  of  the  filament  returns  to  the  pre¬ 
vious  value.  If,  conversely,  the  Intensity  of  the  cathodic  current  is 
increased,  passivation  cannot  occur  at  the  edges  of  the  face  either  and 
the  face  will  be  enlarged  as  long  as  the  current  density  and  the  linear 
growth  rate  of  the  filament  do  not  return  to  the  previous  value.  Thus 
the  same  current  density  is  always  established  in  time,  i.e.,  a  certain 
linear  growth  rate  of  the  crystal  fiber  which  corresponds  to  stationary 
passivation  conditLons. 


Fig.  107.  Polarization  curves  during  the  electrodeposition  of  tin  in 
presence  of  surface-active  substances:  1)  Pure  solution  of  0.25  N 
SnSCK;  2)  in  presence  of  0.005  M  diphenylamine ;  3)  10  g/liter  cresol 
sulfonic  acid  and  1  g/liter  gelatin;  4)  0.005  M  a-naphtol  and  1  g/liter 
gelatin.  A)  Volt  (n.v.e.). 


The  conclusion  that  the  growing  part  of  the  surface  always  has  a 
constant  activity  was  confirmed  by  A.T.  Vagramyan  by  polarization  meas¬ 
urements.  If  the  current  intensity  is  increased,  the  overvoltage  first 
increases  sharply  but  then  in  proportion  to  the  increase  in  the  surface 
area  of  the  face  it  gradually  comes  down  to  the  previous  moderate  val¬ 
ue;  analogous  polarization  variations,  but  in  the  reverse  sequence, 


take  place  when  the  current  Intensity  Is  decreased  (Fig.  106b). 

The  phenomena  of  contamination  described  here  are  not  observed  in 
cyanide  solutions,  in  which,  as  follows  from  direct  experiments,  the 
adsorption  of  organic  substances  is  inhibited  (evidently  because  of  a 
structure  of  the  double  layer  which  is  unfavorable  for  the  adsorption 
process).  A  surface  which  had  previously  been  passivated  by  contact 
with  silver  nitrate  solution,  can  be  again  activated  by  immersion  in  a 
solution  of  potassium  cyanide.  This  causes  a  desorption  of  the  organic 
substances,  and  the  normal  growth  can  be  continued  in  the  previous  so¬ 
lution  after  the  potassium  cyanide  has  been  washed  off  [12]. 

Organic  substances  can  affect  the  processes  of  electrodeposition 
in  two  ways.  If  the  rate  of  adsorption  of  the  organic  substance  is 
fairly  low  compared  vrith  the  rate  of  formation  of  the  new  surface, 
then,  as  is  evident  from  the  foregoing,  the  uncontaminated  part  of  the 
surface  grows.  The  overvoltage  varies  only  as  a  function  of  the  varia¬ 
tion  of  the  true  current  density  but  calculated  for  the  true  current 
density  it  remains  constant.  At  the  value  of  the  overvoltage  estab¬ 
lished  under  these  conditions  the  probability  of  the  formation  of  new 
nuclei  on  the  passivated  part  of  the  surface  is  too  small  so  that 
growth  ceases  on  this  part  of  the  surface. 

Another  case  is  also  possible,  where  the  rate  of  adsorption  is 
fairly  high  and  the  ions  must  be  discharged  at  a  surface,  covered  with 
an  adsorbed  layer.  In  this  case  one  can  expect  a  considerable  irr  rease 
in  the  overvoltage  of  the  electrodeposition  process.  N.  A.  Izgaryshev 
and  co-workers  were  the  first  to  study  the  influence  of  surface-active 
substances,  particularly  of  colloids,  such  as,  for  example,  gelatin,  on 
the  polarization  during  the  discharge  of  metal  ions  and  discovered  var¬ 
ious  typical  features  of  this  phenomenon  [23].  N.A.  Izgaryshev  be¬ 
lieved,  however,  that  the  principal  cause  of  the  overvoltage  variation 
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is  the  complexing  of  the  metal  ions  by  the  organic  substances  in  the 
volume  of  the  solution. 

The  laws  observed  during  the  electrodeposition  of  metals  on  a 
surface  covered  with  an  adsorption  layer  were  established  in  the  works 
of  M.A.  Loshkarev  [25]  which  were  based  on  the  following  observation. 
Addition  of  certain  surface-active  substances  to  tin  salts  causes  the 
formation  of  fine-grained,  dense  deposits.  In  this  case,  particularly 
when  a  mixture  of  several  surface-active  substances,  such  as,  for  exam¬ 
ple,  g-naphtol  +  dipheny lamine  +  thymol,  is  used,  polarization  curves 
with  unusual  shape  are  observed:  over  a  broad  potential  range  the  cur¬ 
rent  remains  constant  independently  of  the  polarization  and  begins  to 
Increase  markedly  only  upon  further  Increase  in  the  polarization  (Fig. 
107).  This  limit  current  density  is  by  far  less  than  the  limit  diffu¬ 
sion  current  under  experimental  conditions  and  cannot  be  explained  by 
impoverishment  of  the  solution. 


Fig.  108.  Polarization  curves  measured  on  the  mercury  drop  electrode  In 
0.05  N  solutions  of  Bi,  Cd,  Zn  and  Ag  salts  in  presence  of  0.1  HpSOjj 

and  surface-active  additions.  The  rise  of  the  polarization  curves  oc¬ 
curs  at  the  potential  V  corresponding  to  the  limit  of  the  adsorption 
range.  At  this  same  potential  the  curve  of  the  differential  capacitance 
b  has  a  maximum  B  and  the  electrocapillarity  curves  (at  the  point  A)  of 
the  pure  NapSOj,  solution  (a)  and  the  same  solution  saturated  with  8- 
naphtol,  thymol  and  dipheny lamine  (a')  fuse.  1)  Dyne/cm;  2)  volt 
(n .  v.e . ) . 


Later  it  was  found  that  these  phenomena  are  not  only  observed  in 

*\ 

the  case  of  electrodeposition  of  metals  (lead,  copper,  bismuln,  cadmi¬ 
um)  in  the  solid  state  but  also  during  the  separation  of  various  met¬ 
als  on  the  mercury  drop  electrode.  A  comparison  of  the  polarization 
curves  with  the  capacitance  measurements  showed  that  the  increase  in 
the  current  density  is  observed  within  the  potential  range  in  which 
there  is  a  maximum  on  the  capacitance  curve  (Fig.  108).  As  has  been  ex¬ 
plained  in  the  Introduction,  the  appearance  of  a  sharp  maximum  on  the 
curve  of  the  capacitance  as  a  function  of  potential  indicates  the  limit 
of  the  adsorption  range  of  the  organic  substances.  This  range,  as  is 
evident  from  Fig.  108,  is  at  the  same  time  the  range  of  low  values  of 
the  limit  current.  Thus,  a  low  limit  current  is  observed  only  in  pres¬ 
ence  of  an  adsorbed  layer.  When  the  adsorbed  layer  disappears  owing  to 
an  increase  in  the  negative  potential  difference,  the  current  intensity 
increases.  This  conclusion  applies  to  the  case  of  a  liquid  as  well  as 
a  solid  metal  surface. 

It  could  have  been  assumed  that  the  adsorbed  layer  contains  pores 
and  that  the  discharge  of  ions  takes  place  only  In  these  pores.  This 
hypothesis  is  contradicted,  however,  by  the  circumstance  that  the  ef¬ 
fect  of  the  surface-active  substances  on  the  discharge  of  metal  ions  Is 
highly  selective.  Thus,  for  example,  for  a  large  number  of  organic  ad¬ 
ditives  (although  not  for  all  of  them)  it  is  slight  or  altogether  ab¬ 
sent  in  the  case  of  the  discharge  of  mercury  or  univalent  thallium 
ions.  It  is  easy  to  show  that  the  presence  of  these  ions  does  not  de¬ 
stroy  the  adsorbed  film.  Indeed  in  presence  of  octyl  alcohol  during  the 
electrolytic  reduction  of  a  rolution  containing  at  the  same  time  SpOg 
and  Hgp+  ions,  the  adsorbed  layer  of  octyl  alcohol  completely  inhibits 
the  discharge  of  the  SpOg  ions  and,  consequently,  is  not  impaired.  In 
spite  of  this  the  discharge  of  the  mercury  ions  takes  place  without 
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Fig.  109.  Effect  of  an  adsorbed  layer  of  normal-octyl  alcohol  during 
the  simultaneous  discharge  of  S?Og  and  ions.  The  polarization 

curves  were  obtained  on  the  mercury  cathode  in  the  solutions:  1)  1  N 
Na2S01<  +  7*  10“5  n  Hg^(C10^)?  +  1.2  M  ^SpOgi  2)  the  same  solution,  sat¬ 
urated  with  normal  octyl  alcohol;  3)  1  N  Na2S0^  +  7'10— ^  N  Hgo(C10^)2. 

In  the  range  of  adsorption  of  the  octyl  alcohol  the  curves  2  and  3  co¬ 
incide,  i.e.,  the  reduction  of  the  SpOp“  ions  ceases  completely  while 

the  reduction  of  the  Hg?  ion  takes  place  unimpeded.  A)  Volt  (n.v.e.). 


hindrance  (Fig.  109). 

Analogous  phenomena  are  observed  during  the  electrolysis  of  solu¬ 
tions  containing  two  metal  cations,  for  example,  Cu++  or  Cd++  and  Tl+; 
one  of  these  is  strongly  inhibited  by  the  adsorption  layer  and  the  oth¬ 
er  only  slightly. 

This  selectivity  cannot  be  explained  on  the  basis  of  the  assump¬ 
tion  of  the  presence  of  pores  in  the  adsorbed  layer  and  the  sole  possi¬ 
ble  explanation  is  that  the  discharge  of  the  ions  requires  their  prior 
penetration  to  the  electrode  surface  through  the  adsorption  layer  for 
which  a  certain  activation  energy  is  necessary,  depending,  obviously, 
on  the  nature  of  the  ion  as  well  as  the  nature  of  the  adsorption  layer. 
In  this  case  the  kinetics  of  the  process  as  a  whole  are  determined  by 
the  stage  which  precedes  the  electrochemical  process  proper;  in  the  po- 
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tential  range  in  which  a  fairly  strong  adsorption  layer  exists,  the 
rate  of  this  stage  should  naturally  be  independent  of  the  potential 
difference  metal/solution,  which  also  accounts  for  the  appearance  of 
the  practically  constant  limit  current.*  The  applicability  of  the  last 
conclusion  is  limited  by  the  fact  that  the  adsorption  intensity  and, 
consequently,  the  structure  and  permeability  of  the  adsorption  layer 
themselves  depends  on  the  limit  potential  difference  (see  §7  of  the  In¬ 
troduction).  This  becomes  particularly  evident  when  the  desorption  po¬ 
tential  is  approached:  the  work  of  adsorption  of  the  adsorbed  molecules 
decreases  in  this  case  which  facilitates  the  penetration  of  ions  into 
the  absorbed  layer  and  leads  to  a  regular  increase  in  the  current.  When 
the  desorption  potential  is  reached,  the  film  of  adsorbed  substance  is 
removed  and  the  rate  of  the  electrochemical  process  is  then  limited  on¬ 
ly  by  the  limit  diffusion  current. 

56.  THROWING  POWER 

Let  U3  briefly  examine  one  other  practically  important  quantity 
which  characterizes  the  processes  of  electrodeposition.  Assuming  that 
it  is  required  to  coat  a  surface  with  a  certain  relief  on  which,  for 
example,  there  are  deep  recesses,  with  a  smooth  layer  of  a  metal  depos¬ 
it.  It  is  obvious  that  under  otherwise  equal  conditions,  owing  to  the 
presence  of  ohmic  resistance  of  the  solution,  the  mean  current  density 
on  the  bottom  of  these  recesses  should  be  less  than  on  the  remainder  of 
the  surface  and  the  thickness  of  the  deposit  is  also  correspondingly 
less.  However,  as  experience  shows,  the  degree  of  nonuniformity  of  the 
distribution  of  the  coating  differs  depending  on  the  electrolyte  compo¬ 
sition.  Some  solutions  give  a  relatively  smooth  coating  even  in  pres¬ 
ence  of  a  deep  relief;  in  such  cases  it  is  said  that  the  electrolyte 
has  a  great  "throwing  power"  or  "works  well  in  depth";  other  electro- 
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lytes  do  not  have  this  practically  valuable  property. 

Let  us  explain  on  the  basis  of  a  simplified  example  the  physical 
factors,  which  characterize  the  passage  of  current  through  the  system, 
on  which  the  throwing  power  depends.  To  this  end  let  us  imagine  that 

A 
A 

Pig.  110.  Current  distribution  in 
presence  of  recesses  in  the  electrode. 

the  cathode  has  the  profile  shown  in  Pig.  110,  i.e.,  that  it  has  a  wide 
(compared  with  its  depth  A  and  the  distance  between  the  electrodes  l) 
depression  with  a  flat  bottom,  and  let  us  examine  the  current  distribu¬ 
tion  in  this  system.  We  isolate  two  surface  elements  of  the  cathode  dS ^ 
and  dSg,  in  the  recess'  >n  and  on  the  level  surface  which  are  fairly  re¬ 
mote  from  the  edge  of  the  recession.  When  this  condition  is  fulfilled, 
the  current  lines  passing  from  the  anode  to  the  cathode  are  directed 
perpendicularly  to  the  cathode  surface,  and  the  potential  variation 
along  their  path  is  easy  to  calculate.  We  designate  by  <pA  the  potential 
difference  anode/solution  (considering  the  anode  unpolarized),  by  (qp^)^ 
and  (<P^)2  potential  differences  cathode/solution  at  the  parts  dS ^ 
and  c?S2,  by  and  ^2  tbe  corresP°ndin6  current  densities  and  by  w  the 
specific  resistance  of  the  solution.  Owing  to  the  high  electrical  con¬ 
ductivity  of  the  metal  the  potential  within  the  cathode  and  anode  has 
practically  a  constant  value  at  all  points,  from  which  follows  that 

(?K)»  “  V  +  A)  1>W  -  s»a  "  (vK)« “  li&  ”  VA-  ( 2  6  ) 

The  quantity  (<PK)?  can  be  expressed  by  ( ^  if  as  a  function 

of  i  is  known.  Assuming  that  the  potential  variation  is  slight,  we 
find: 
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(265) 


(?K)»  =  ('»,k)» + *Jr  (*» — O- 
From  F.qs .  (264)  and  (265)  follows 

it- it  A  4 _ 

'■  +, 
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(266) 


It  can  be  concluded  from  Eq.  (266)  that  the  relative  nonuniformity 
of  the  current  distribution  and,  consequently,  the  relative  variation 
of  the  thickness  of  the  deposit,  equal  to  (i^  —  depends  on  the 

ratio  of  the  polarization  of  the  cathode  and  the  specific  re¬ 

sistance  of  the  solution.*  If  this  ratio  is  small  compared  with  l 
(i.e.,  1/^|3<PK/3^|  <<  Z),  the  first  term  in  the  denominator  of  the 
right  part  of  Eq.  (266)  can  be  neglected  compared  with  the  second,  and 
consequently , 


(267) 


In  this  case  the  current  distribution  depends  only  on  the  ohmic 
resistance  along  Its  path  and  the  quantity  ( i 2  attains  the 

maximum  possible  value.  The  cathode  is  covered  with  a  nonuniform  depos¬ 
it  and  the  bath,  as  it  is  termed,  has  a  low  throwing  power. 

A  different  pattern  results  when  the  ratio  l/w|3<PK/3^|  is  large 
compared  with  l.  In  this  case,  as  is  evident  from  Eq.  (266),  the  quan¬ 
tity  d2  —  can  be  made  as  sinall  as  desired,  which  gives  any  de¬ 

sired  degree  of  uniformity  of  the  deposit  thickness.  Formally,  the  same 
result  could  have  been  obtained  if  the  cathode  surface  had  been  covered 
with  a  thin  layer  of  a  substance  with  large  specific  resistance.  The 
quantity  |  3^/3^  |  whose  dimension  is  ohm  x  cm  ,  plays  the  part  of  a 
surface  resistance  although  the  physical  nature  of  the  inhibition  of 
the  current  penetration  in  this  case  is  different  than  in  the  case  of 
ohmic  resistance.  The  quotient  obtained  by  dividing  this  quantity  by 
the  specific  resistance  u  of  the  solution  can  be  regarded  as  a  measure 
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of  the  throwing  power;  it  has  obviously  the  dimension  of  length.  The 
pattern  of  the  current  distribution,  however,  depends  not  on  the  abso¬ 
lute  magnitude  of  1/u  |  |  but  on  the  ratio  of  it  to  the  quantities 

l  and  A  which  determine  the  geometrical  dimensions  of  the  system.  The 
greater  l  and  A  with  their  ratio  constant,  the  greater  should  be  the 
quantity  l/ulaqp^/a^j  in  order  to  attain  a  uniform  current  distribution. 
This  can  be  easily  verified  by  presenting  Eq.  (266)  in  the  following 
form: 


A_ 

_ i_ 

1  flE 
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(266a) 


These  conclusions  were  derived  for  an  extremely  simplified  geomet¬ 
rical  model.  It  can  be  shown,  however,  that  for  other,  more  complex 
cases,  the  nature  of  the  current  distribution  is  also  determined  by  the 
relation  between  the  quantity  l/wjaTK/3^|  and  a  certain  length,  depend¬ 
ing  on  the  linear  dimensions  and  shape  of  the  system.  Thus,  if  the  in¬ 
ternal  surface  of  a  narrow  tube  serves  as  cathode,  opposite  to  the 
opening  of  which  there  is  an  anode  [26],  It  is  essential  for  a  uniform 
current  distribution  over  the  tube  surface  that  the  quantity 

p 

l/u|  3^/3^  |  should  be  large  compared  with  l  /r,  where  l  is  the  length 
and  r  the  radius  of  the  tube.  The  following  method  can  be  used  in  prac¬ 
tice  to  determine  the  throwing  power  in  relative  units:  a  Z-shaped  bent 
electrode  is  coated  with  metal  in  a  given  bath,  and  the  thickness  of 
the  metal  deoosit  thus  formed  is  measured  at  different  points  of  the 
electrode.  The  throwing  power  of  the  bath  is  gaged  by  the  degree  of 
uniformity  of  the  coating  [27].  It  should  be  pointed  out  that  for  rea¬ 
sons  analogous  to  those  given  in  the  foregoing,  the  current  distribu¬ 
tion  on  the  electrode  also  depends  on  the  shape  and  disposition  of  the 
second  electrode  and  on  the  presence  of  nonconducting  bodies  in  the 
electrolyte  solution  [28]. 
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A  certain  modification  must  obviously  be  introduced  also  into 
Eq.  (251)  because  the  concept  of  radius  is  not  applicable  to 
a  solid  crystallite.  For  a  crystallite  of  thermodynamic  equi¬ 
librium  shape  we  can  always  find  a  point  whose  distance  hy 
from  the  crystal  face  satisfies  the  condition"4 


(258) 


where  o^,  o^,  •••»  are  the  surface  tension-  of  the  corre¬ 
sponding  faces  (G.  Vul’f).  The  value  c/r  in  Eq.  (251)  must  be 
replaced  in  the  case  of  a  crystal  by  any  of  the  ratios  o/h: 


(259) 

During  the  deposition  of  a  metal  on  a  foreign  cathode  under 
the  Influence  of  a  current  with  constant  intensity  one  can 
observe  at  the  first  moment  of  time  after  switching  on  of  the 
current,  in  addition  to  the  polarization  due  to  the  formation 
of  nuclei,  a  noticeable  electrochemical  and  concentration  po¬ 
larization,  due  to  the  fact  that  the  current  density  on  the 
newly  formed  very  small  nuclei  attains  considerable  values. 

In  other  cases  the  presence  of  adsorbed  compounds,  for  exam¬ 
ple,  aliphatic  alcohols  during  the  discharge  of  metal  cations 
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does  not  cause  a  lowering  of  the  limit  current  but  only  an 
increase  in  the  overvoltage  as  is  also  observed  during  the 
discharge  of  the  hydrogen  ion  under  the  same  conditions 
(Chapter  3)  [32]. 

422  Here  we  shall  limit  consideration  to  the  simplest  case  when 

the  cathodic  process  involves  considerable  electrochemical 
polarization  as  this  is  always  the  case  in  electrolytes  with 
good  throwing  power.  If  the  polarization  is  mainly  of  a  con¬ 
centration  nature,  the  quantity  3^/^  can  have  different 

values  at  different  points  of  the  cathode  because  of  the  dif¬ 
ferences  in  the  conditions  of  supply  of  substance  which  com¬ 
plicates  the  pattern  of  the  phenomenon.  We  encounter  such 
cases  in  the  theory  of  the  positive  and  negative  polarograph- 
ic  maxima  on  the  mercury  drop  electrode. 
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Chapter  7 

PASSIVATION  AND  KINETICS  OP  ELECTRODE  PROCESSES 
SI.  PASSIVITY  OP  METALS  AND  OXIDE  FILMS 

In  analogy  to  the  acceleration  of  the  discharge  of  metal  Ions  upon 
transition  to  more  negative  potentials,  the  anodic  processes  of  metal 
dissolution  should  be  accelerated  when  the  potential  is  shifted  to  the 
positive  side.  This  phenomenon  is  indeed  observed,  for  example,  during 
the  anodic  polarization  of  nickel  or  iron  in  hydrochloric  acid  but  in 
many  cases  a  marked  slov/ing  down  of  the  rate  of  metal  dissolution  takes 
place  at  sufficiently  large  values  of  positive  potential  and  sometimes 
even  simply  when  the  duration  of  anodic  polarization  is  increased. 

Thus,  for  example,  strong  nitric  acid  is  a  powerful  oxidant  which 
can  impart  a  high  positive  potential  to  a  metal.  At  this  potential  a 
rapid  dissolution  of  iron  should  take  place  if  the  relations  between 
the  rate  of  dissolution  and  potential  were  the  same  as  during  slight 
anodic  polarization  of  iron  in  acid  solutions.  Actually,  however,  the 
chemical  reaction  which  occurs  when  iron  is  immersed  in  strong  nitric 
acid  continues  only  for  a  short  time,  then  stops,  and  the  iron  then  re¬ 
mains  practically  completely  stable.  The  accepted  explanation  is  that 
the  iron  has  gone  over  into  a  passive  state  (in  contrast  to  the  active 
state  of  iron  which  dissolves  in  hydrochloric  or  dilute  nitric  acid). 
The  transition  from  the  active  to  the  passive  state  is  termed  passiva¬ 
tion  and  the  reverse  process  activation  or  depassivation  of  the  metal. 

The  passivity  of  metals  is  of  great  practical  importance  because 
it  is  an  important  factor  in  the  stability  of  metals  such  as  iron  and 


aluminum  in  many  media.  Hence  it  is  natural  that  a  very  large  number  of 
studies  deal  with  the  problem  of  the  origin  of  the  passive  state. 

M.V.  Lomonosov  was  the  first  to  observe  the  phenomenon  of  passiva¬ 
tion  of  metals.  In  the  work  of  M.V.  Lomonosov  [1]  "0  deystvii  khimi- 
cheskikh  rastvoriteley"  [On  the  Effect  of  Chemical  Solvents]  in  §33 
there  is  the  following  statement:  ’’When  one  takes  two  different  por¬ 
tions  of  the  same  acid  spirit  for  the  dissolution  of  metal,  but  one  of 
them  is  slightly  diluted  with  water,  this  dissolves  a  greater  quantity 
of  metal  than  the  first  . ..,"  and  a  few  lines  further  on  in  §3^:  "When 
fairly  strong  spirit  of  nitre  is  used  for  the  dissolution  of  metal,  the 
dissolution  soon  ceases  . . . . "  It  is  obvious  from  the  foregoing  that 
Lomonosov  observed  and  described  the  phenomenon  of  passivation  of  a 
metal  in  strong  nitric  acid. 

Faraday  advanced  a  hypothesis  according  to  which  the  passive  state 
is  caused  by  the  presence  of  chemically  bound  oxygen  at  the  metal  sur¬ 
face.  The  "oxygen"  theory  of  passivity  was  subsequently  widely  devel¬ 
oped  thanks  to  the  work  of  numerous  scientists,  among  whom  we  must  men¬ 
tion  sj-ecially  the  academician  V.A.  Kistyakovskiy ,  Evans  and  others. 

Schoenbein  and  Hittorf  advanced  another  hypothesis  according  to 
which  a  passive  metal  must  be  regarded  as  a  special  chemically  inactive 
form  of  the  metal.  Views  similar  to  this  point  of  view  are  still  de¬ 
fended  by  some  German  and  American  authors.  Thus,  V.  Mueller  [2]  and 
his  successors  maintain  an  opinion  which  differs  little  from  the 
Schoenbein  hypothesis;  according  to  Mueller  a  completely  passive  metal 
is  the  result  of  a  "modification  of  the  electron  state"  of  the  metal  at 
the  bottom  of  the  pores  in  an  insulating  film  which  is  formed  in  conse¬ 
quence  of  the  passage  of  high-density  current  through  the  pores. 

Uhlig  [31  believes  that  passivity  is  due  to  the  distribution  of 
the  electrons  in  the  metal  atoms:  the  passivity  of  the  metals  of  the 
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iron  group  arises  as  a  result  of  the  removal  of  electrons  from  the  d- 
shell  of  the  metal  atom.  Thus,  the  passivity  of  homogeneous  alloys,  ac¬ 
cording  to  Uhlig,  is  determined  by  the  component  which  does  not  readily 
yield  the  electrons  in  its  <f-shell,  the  passivating  component  taking 
the  electrons  from  the  other  component,  which  yields  them  more  easily 
and  the  activation  of  the  alloys  takes  place  by  the  filling  of  this 
shell.  The  activating  effect  of  oxygen  is  explained  by  Uhlig  by  the 
fact  that  the  oxygen  collects  some  of  the  electrons  from  the  d-shell  of 
the  surface  atoms  of  the  metal.  To  prove  his  theory,  Uhlig  attempted  to 
use  the  fact  that  the  passivity  of  alloys  (for  example,  Ni-Cu)  is  a 
function  of  their  composition.  However,  as  a  more  detailed  analysis  of 
the  problem  showed  [4],  the  consequences  of  this  theory  often  contra¬ 
dicted  by  the  experimental  data.  Thus,  according  to  these  ideas,  the 
passivity  of  stainless  steel  should  increase  with  increase  in  the  con¬ 
tent  of  iron  and  not  that  of  chromium. 

The  general  objection  to  the  explanation  of  passivity  by  a  special 
allotroplc  or  electronic  state  of  the  metal  is  based  on  the  fact  that 
the  phenomenon  of  passivation  is  not  accompanied  by  variations  of  the 
physical  properties  of  the  metal  Itself  but  by  a  variation  of  the  sta¬ 
bility  of  the  adsorbed  or  phase  films  on  its  surface.  From  the  thermo¬ 
dynamic  point  of  view  a  passive  metal  is  not  more  noble  than  an  active 
metal.  In  all  investigated  cases  of  passivation,  either  a  layer  of 
salt  or  oxides  is  formed  on  the  metal  surface  which  forms  a  separate 
phase,  or  oxygen  or  some  other  substance  is  adsorbed  in  varying  quanti¬ 
ty. 

The  theory  which  connects  the  passivation  with  the  formation  of 
oxide  or  other  layers  on  the  metal  surface  has  been  completely  recog¬ 
nized  in  the  USSR,  primarily  due  to  the  many-sided  researches  of  Acad¬ 
emician  V.A.  Kistyakovskiy  and  also  the  work  of  N.A.  Izgaryshev,  G.V. 
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Akimov  and  others. 


V.A.  Kistyakovskiy  [5]  discovered  and  studied  the  phenomena  of 
partial  and  complete  passivation  which  take  place  when  a  solution,  con¬ 
taining  a  passivator  (motoelectric  phenomena).  The  mixing  increases  the 
supply  of  the  substance  which  causes  the  transition  of  the  metal  to  the 
passive  state,  to  the  metal  surface,  thus  facilitating  the  onset  of 
passivity.  The  important  role  of  the  composition  of  the  solution  in  the 
passivation  phenomena  was  demonstrated  at  the  same  time.  It  also  fol¬ 
lows  from  the  work  of  V.A.  Kistyakovskiy  that  the  strong  variation  of 
the  electrode  potential  taking  place  in  consequence  of  the  mixing  of 
the  solution  is  an  indication  that  the  electrode  is  not  in  equilibrium. 

In  the  first  works,  passivity  was  regarded  as  a  complete  cessation 
of  the  anodic  process  of  dissolution  of  the  metal.  Actually  cases  are 
observed  and  have  great  practical  importance,  in  which  the  passivation 
of  the  metal  does  not  result  in  a  complete  cessation  of  the  anodic 
process  (which,  strictly  speaking  is  not  possible  in  principle)  but  to 
a  strong  inhibition.  V.A.  Kistyakovskiy  was  the  first  [5]  to  point  out 
the  significance  of  partial  passivity  of  a  metal.  Thus,  the  problem  of 
passivity  gave  rise  to  another  problem,  that  of  determining  the  connec¬ 
tion  between  the  state  of  the  metal  surface  and  the  rate  of  the  elec¬ 
trochemical  processes  which  take  place  on  the  metal. 

N.A.  Izgaryshev  showed  by  experiments  in  alcoholic  and  pyridine 
solutions  that  the  passivity  of  Zn,  Cd,  Cu  and  other  metals  caused  by 
dissolved  atmospheric  oxygen  depends  on  the  nature  of  the  solvent;  In 
solutions  of  salts  in  the  above-indicated  solvents  the  passive  state  is 
more  readily  attained  than  in  aqueous  solutions  which  is  due  to  the 
lower  rate  of  the  electrode  processes  in  these  solvents.  When  oxygen 
reacts  with  the  metal  surface  in  presence  of  an  organic  solvent,  a 
coupled  oxidation  of  the  molecules  of  the  latter  with  formation  of  com- 


pounds  of  a  peroxide  nature  takes  place  simultaneously  [6],  The  litera¬ 
ture  gives  different  definitions  of  the  concept  of  passivation.  The 
most  correct  definition  is  one  according  to  which  passivation  consists 
in  an  increase  in  the  overvoltage  or  in  a  delay  of  the  anodic  process 
of  metal  dissolution  in  consequence  of  an  alteration  of  its  surface, 
the  formation  of  adsorbed  or  phase  layers  of  oxides  or  salts. 

The  study  of  the  passivity  phenomena  consists  either  in  the  meas¬ 
urement  of  the  rate  of  the  electrode  processes  which  take  place  on  the 
surface  of  the  passive  metal  or  in  a  study  of  the  nature  of  the  passi¬ 
vating  layers.  For  the  study  of  the  variation  of  the  rate  of  the  anodic 
process  of  metal  dissolution  one  uses  the  normal  electrochemical  meth¬ 
ods  of  recording  the  polarization  curves  and  charging  curves,  sometimes 
in  combination  with  analytical  measurements  and  the  oscillographic 
method  (for  the  study  of  fast  processes).  For  the  determination  of  the 
mean  thickness  of  the  passivating  films  one  uses,  in  addition  to  the 
method  of  charging  curves,  the  method  described  in  the  introductory 
chapter  of  capacitance  measurement  by  means  of  alternating  current  and 
optical  methods.  A  method  has  been  proposed  for  the  determination  of 
the  ohmic  resistance  and  the  breakdown  voltage  of  the  protective  films 
on  the  metal  surface,  according  to  which  drops  of  mercury  are  applied 
to  the  surface  and  the  intensity  of  the  direct  current  passing  between 
the  mercury  and  the  test  metal  when  a  dc  voltage  is  applied  between 
them  [7]  is  measured. 

Different  metals  differ  greatly  with  regard  to  the  degree  of  their 
tendency  to  passivation.  The  creation  of  alloys  on  whose  surface  a  sta¬ 
ble  passivating  film,  which  increases  their  resistance  to  chemical  ac¬ 
tion  is  readily  formed,  is  of  special  importance  from  an  engineering 
point  of  view.  To  these  alloys  belong  primarily  the  so-called  stainless 
steels  which  normally  contain,  in  addition  to  iron,  chromium  and  nickel 
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or  manganese  and  also  small  addition  of  various  other  elements  such  as, 
for  example,  titanium  or  niobium.  A  chemically  and  mechanically  stable 
oxide  film  which  practically  stops  corrosion  of  the  steel  under  differ¬ 
ent  conditions,  for  example,  in  air,  in  10!?  HNO^  or  in  sea  water,  is 
formed  on  parts  of  such  alloys  under  the  action  of  atmospheric  air  or 
water. 

In  the  following  we  shall  examine  the  problems  of  the  passivation 
of  metals  predominantly  in  connection  with  the  kinetics  of  electrochem¬ 
ical  processes.  A  number  of  studies  dealing  with  this  aspect  of  the 
passivation  phenomena  on  iron,  lead  and  light  metals  were  carried  out 
by  B.N.  Kabanov  and  co-workers  [8,  15].  Let  us  give  some  typical  exam¬ 
ples  for  the  existence  of  a  connection  between  the  passivation  of  a 
metal  the  presence  of  oxide  on  its  surface. 


Fig.  111.  Potential  f  as  a  function  of  the  quantity  of  electricity  Q 
passed  through  for  an  iron  electrode  in  2  N  NaOH:  1)  Electrode  surface 
freed  of  the  oxide  film  by  reduction  in  hydrogen;  a)  transition  of  the 
metallic  iron  to  divalent  iron;  b)  transition  of  the  divalent  iron  to 
trivalent;  2)  electrode  subjected  to  the  action  of  air  for  several  sec¬ 
onds  before  immersion  in  the  solution.  The  potential  was  measured 
against  a  hydrogen  electrode  in  the  same  solution.  A)  Volt;  B)  cou¬ 
lombs/cm2. 

Figure  111  shows  the  potential  of  an  iron  anode  in  2  N  NaOH  solu¬ 
tion  such  as  a  function  of  the  quantity  of  electricity  passed  through 
it.  Curve  1  was  obtained  during  the  anodic  polarization  of  iron  from 


whose  surface  the  oxide  film  had  been  previously  removed  by  reduction 
in  hyJrogen  at  high  temperature.  The  unpassivated  iron  continues  to  go 
into  solution  for  a  long  time  according  to  the  reaction 

Fe  4-  30H-  =»  HFeO;  +  H,0  4-  2e 

I  IFcO;  4-  H,0  =  Fe  (OH),  4-  OH'. 

The  ferrous  hydroxide  which  is  only  sparingly  soluble  in  2  N  NaOH, 
is  precipitated  in  the  form  of  a  deposit  which  envelops  the  electrode 
with  a  loose  layer.  The  transformation  of  the  iron  into  Fe(OH)2  takes 
place  at  almost  constant  potential  in  consequence  of  which  the  horizon¬ 
tal  section  a  is  obtained  in  the  curve  1.  This  process  takes  place  dur¬ 
ing  the  discharge  of  the  iron  electrode  of  the  alkaline  battery.  Curve 
2,  which  almost  fuses  with  the  ordinate,  was  obtained  during  the  polar¬ 
ization  of  iron  which  had  been  exposed  to  the  effect  of  atmospheric 
oxygen  at  room  temperature  after  the  hydrogen  reduction.  As  the  diagram 
shows,  this  iron  does  not  dissolve  during  anodic  polarization,  i.e., 
it  is  completely  passivated.  During  the  passage  of  current  in  this  case 
the  potential  increases  until  it  attains  values  at  which  the  discharge 
of  the  hydroxyl  ions  becomes  possible  with  evolution  of  molecular  oxy¬ 
gen. 

It  is  evident  from  the  trend  of  curve  1  in  Fig.  Ill  that  in  the 
case  of  an  electrode  with  a  surface  which  has  been  previously  freed  of 
oxygen,  a  passive  state  also  supervenes  in  time.  The  area  a  of  this 
curve  has  a  finite  length;  in  other  words,  the  above-described  reaction 
continues  only  for  a  certain  time  after  which  the  process  of  formation 
of  Fe(0H)2  stops  and  the  potential  begins  to  increase.  At  higher  poten¬ 
tials,  other  electrochemical  processes  can  take  place  at  the  electrode, 
for  example  oxidation  of  the  ferrous  hydroxide  Fe(OH)2  to  ferric  hy¬ 
droxide  Fe(OH)^  (area  b),  and  at  higher  potentials  separation  of  molec¬ 
ular  oxygen.  In  the  case  under  consideration  here  the  passivation  is 


due  to  the  accumulation  of  passivating  oxides  on  the  surface  which 
takes  place  simultaneously  with  the  formation  of  the  nonpassivating 
layer  of  Fe(OH)?  [8]. 

An  example  by  means  of  which  we  can  readily  trace  the  relationship 
between  the  degree  of  passivation  and  the  quantity  of  oxygen  on  the 
surface,  is  the  anodic  dissolution  of  platinum  in  hydrochloric  acid 
[9].  When  platinum  is  anodically  polarized  in  solutions  containing  a 
sufficient  quantity  of  chlorine  ions,  it  goes  into  solution  at  a  moder¬ 
ate  but  nonetheless  measurable  rate.  The  latter  can  be  determined  from 
the  intensity  of  the  current  passing  through  the  platinum  electrode  at 
a  certain  potential.  It  is  found  that  the  current  intensity  drops  in 
time,  i.e.,  the  rate  of  the  electrochemical  process  decreases.  As  B.V. 
Ershler  showed,  this  decrease  conforms  to  the  slow  accumulation  of  oxy¬ 
gen  on  the  platinum  surface  which  takes  place  simultaneously  with  the 
dissolution  of  the  platinum.  The  method  of  charging  curves,  described 
in  6 ^  of  the  Introduction,  was  used  to  determine  the  quantity  of  oxygen 
on  the  platinum  surface.  After  the  electrode  had  been  subjected  to  an¬ 
odic  polarization  at  constant  potential  during  a  certain  time,  and  the 
intensity  of  the  anodic  current  had  dropped  to  a  certain  fraction  of 
its  Initial  value,  the  anodic  polarization  ceased  and  the  cathodic 
charging  curve  was  recorded  with  a  high-density  current.  The  quantity 
of  oxygen  which  had  accumulated  on  the  platinum  surface  was  determined 
by  means  of  the  lag  on  the  charging  curve  and  the  relationship  between 
the  quantity  and  the  density  of  the  anodic  current  of  platinum  dissolu¬ 
tion  prior  to  the  cessation  of  the  anodic  polarization  could  be  deter¬ 
mined.  It  was  found  that  when  the  quantity  q  of  oxygen  on  the  surface 
increases,  the  rate  of  dissolution  i  decreases  in  accordance  with  the 
exponential  law  t  =  ae~^^,  where  a  and  b  are  constants,  a  quantity  of 
oxygen  sufficient  only  for  the  filling  of  6%  of  the  platinum  surface 


already  causing  a  decrease  of  the  rate  of  dissolution  of  the  platinum 
by  a  factor  of  4;  filling  of  \2%  of  the  surface  slowed  down  the  disso¬ 
lution  16  times,  etc.  Thus,  quantities  of  oxygen  which  were  far  from 
sufficient  for  forming  a  monatomic  layer  on  the  metal  surface,  produced 
a  considerable  passivation. 

Let  us  examine  in  somewhat  greater  detail  the  conditions  under 
which  the  passive  state  appears  and  disappears.  If  the  anodic  dissolu¬ 
tion  of  platinum  is  carried  out  at  constant  current  density,  the  poten¬ 
tial  increases  gradually  with  time.  In  other  cases,  conversely,  the 
passivation  occurs  suddenly.  Thus,  it  is  evident  from  the  trend  of 
curve  1  in  Fig.  Ill,  that  the  potential  of  the  iron  electrode  varies 
little  over  the  entire  extent  of  the  area  a  and  then  increases  rapidly. 

An  increase  in  the  anodic  current  density  promotes  the  passivation 
process.  In  many  cases  when  a  certain  current  density  is  attained,  a 
sudden  transition  of  the  electrode  to  the  passive  state  takes  place. 

The  behavior  of  iron  in  concentrated  alkali  during  increase  in  tempera¬ 
ture  may  serve  as  an  example  [32].  The  lower  curve  in  Fig.  112  shows 
the  increase  in  the  potential  during  Increase  in  the  current  density  on 

an  active  iron  electrode  in  10  N  NaOH  at  80°.  To  a  current  density  of 
— ?  2 

2*10  J  amp/cm  corresponds  a  sudden  rise  in  the  curve  which  is  due  to 
passivation  of  the  iron.  The  electrochemical  process  Fe  -►  FeO^”,  i.e., 
the  transformation  of  the  metallic  iron  to  the  divalent  state  then 
ceases . 

The  cessation  of  one  anodic  process  which  occurs  as  a  result  of 
passivation  of  the  electrode  often  does  not  prevent  the  occurrence  of 
other  anodic  processes  at  the  same  electrode,  which  result  in  the  for¬ 
mation  of  compounds  with  higher  valency.  For  example,  on  passive  iron 
in  a  caustic  solution,  on  which  the  formation  of  divalent  iron  has 
ceased,  another  electrochemical  process  begins  at  higher  potentials: 
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2  Fe  -*•  F6202I  ,  i.e.,  the  transformation  of  metallic  iron  to  trivalent 
iron.  The  upper  curve  in  Fig.  112  corresponds  to  this  process. 

Under  certain  conditions,  for  example,  during  the  anodic  polariza¬ 
tion  of  iron  in  moderately  strong  caustic  solutions,  the  passive  state 
which  arises  at  high  current  density  is  retained  at  low  current  densi¬ 
ties.  In  many  cases,  however,  activation  of  the  metal  takes  place  after 
a  certain  interval  of  time  when  the  current  density  is  sufficiently  de¬ 
creased.  Thus,  it  can  be  seen  in  Fig.  112  (dotted  line)  that  at  a  cur- 

_ f.  2 

rent  density  of  3*10  amp/cm  an  activation  of  the  iron  takes  place 
which  results  in  the  renewed  formation  of  divalent  iron  and  a  lowering 


Fig.  112.  Polarization  curves  during  the  dissolution  of  iron  in  10  N 
NaOH  at  80° .  When  the  current  density  is  increased  to  2*10-3  amp/cm2, 
the  electrode  is  passivated  and  when  it  is  subsequently  reduced  to 
3*10~°  amp/cm2,  it  returns  to  the  active  state.  The  potential  <P  was 
measured  against  a  hydrogen  electrode  in  the  same  solution.  A)  Volt. 

of  the  potential.  This  activation  during  reduction  of  the  density  of 
the  anodic  current  may  be  due  to  dissolution  of  the  passivating  layer 
in  the  electrolyte. 

In  other  cases  the  anodic  activation  is  evidently  due  to  displace¬ 
ment  of  the  passivating  oxygen  from  the  metal  surface  by  anions  present 
in  the  solution.  Thus,  iron  and  magnesium  in  alkaline  and  aluminum  in 
neutral  solutions  of  chlorides  are  activated  by  increase  in  the  anodic 
current  within  certain  limits.  This  will  be  discussed  in  greater  detail 


in  S^J  of  this  chapter. 

The  activation  is  rapid  during  cathodic  polarization  of  a  passive 
electrode  if  it  results  in  a  reduction  of  the  passivating  oxides.  For 
example,  during  the  cathodic  polarization  of  passive  chromium  in  acid 
its  activation  and  rapid  sell -dissolution  occurs. 

On  various  metals,  for  example,  iron,  magnesium  and  aluminum,  the 
oxide  film  can  be  preserved  at  potentials  at  which  hydrogen  separation 
occurs.  In  the  case  of  iron  and  magnesium  in  caustic  solutions  it  was 
shown  that  the  presence  of  an  oxide  film  causes  an  increase  in  the  hy¬ 
drogen  overvoltage;  in  other  words,  the  reaction  of  discharge  of  the 
proton  from  a  water  molecule  is  delayed  on  an  oxidized  surface  compared 
with  an  unoxidized  surface.  The  more  negative  the  potential,  the  great¬ 
er  is  the  inhibiting  effect  of  the  oxide  film  [8].  By  prolonged  cathod¬ 
ic  polarization  or  mechanical  cleaning  of  the  surface  it  is  possible  to 
remove  the  oxide  film  and  thus  to  lower  the  hydrogen  overvoltage.  These 
relationships  are  illustrated  in  Pig.  113,  where  the  curves  of  the  hy¬ 
drogen  overvoltage  in  caustic  solutions  as  a  function  of  current  densi¬ 
ty  are  given  for  the  case  of  iron  with  an  oxidized  (1)  and  reduced  (2) 
surface . 

Thus,  the  anodic  process  of  metal  dissolution  as  well  as  the  cath¬ 
odic  process  of  hydrogen  separation  are  delayed  in  the  passive  state. 
However,  the  anodic  process  is  in  most  cases  much  more  strongly  delayed 
than  the  cathodic  process.  Correspondingly,  when  the  passivating  layer 
is  removed,  the  anodic  process  is  much  more  strongly  accelerated  than 
the  cathodic  process.  As  will  be  shown  in  the  next  chapter,  the  ratio 
of  the  rates  of  the  anodic  and  cathodic  processes  determines  the  sta¬ 
tionary  potential  of  a  metal  which  dissolves  without  passage  of  an  ex¬ 
ternal  current;  the  acceleration  of  the  anodic  process  causes  a  shift 
of  the  stationary  potential  to  the  negative  and  acceleration  of  the 


cathodic  process,  to  the  positive  side. 

Numerous  measurements  of  the  potentials  of  metal  electrodes  during 
mechanical  cleaning  of  their  surfaces  while  immersed  in  a  solution  were 

carried  out  by  G.B.  Klark  and  G.V.  Akimov 
[10].  These  showed  that  when  the  passivat¬ 
ing  film  of  many  metals  is  destroyed,  the 
potential  shifts  strongly  to  the  negative 


side.  The  potential  shift  during  cleaning 
in  a  caustic  solution  is  particularly  large 
in  the  case  of  strongly  passivated  metals 
of  the  iron  group,  chromium,  manganese, 
magnesium,  etc. 

The  potential  shift,  discovered  by 
G.B.  Klark  and  G.V.  Akimov  indicates  an  activation  of  the  metals  during 
the  cleaning  of  their  surfaces. 


TABLE  1 

Effect  of  Mechanical  Cleaning  of  the  Surface 
in  the  Stationary  Potential  of  Metals  in  0.1  N 
NaOH 
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A)  Metal;  B)  stationary  potential  in  volts  relative  to  n.v.e.;  C)  be¬ 
fore  cleaning;  D)  during  cleaning;  a)  iron;  b)  cobalt;  c)  nickel;  d) 
chromium;  e)  manganese;  f)  magnesium. 


Fig.  113.  Hydrogen  over¬ 
voltage  n  as  a  function 
of  the  current  density 
on  an  oxidized  (1)  and 
reduced  (2)  iron  surface 
in  alkaline  solution. 

A)  Volt. 


In  aqueous  solutions  or  In  an  atmospheric  oxygen  medium  the  satu¬ 
ration  of  the  free  valencies  of  the  surface  atoms  on  the  metal  takes 
place  primarily  through  the  formation  of  oxide  layers  whose  formation 
is  of  basic  importance  in  the  phenomena  of  passivity  .  The  oxide  layer"  , 
formed  in  aqueous  solutions,  can  contain  chemically  bound  water.  H'- v- 
ever,  other  groups  of  atoms  or  molecules  which  are  sufficiently  strong¬ 
ly  bound  to  the  metal,  can  also  participate  in  the  formation  of  passi¬ 
vating  layers.  We  shall  consider  such  examples  in  the  following. 

52.  ADSORPTION  AND  PHASE  PASSIVATING  LAYERS 

With  individual  exceptions  there  is  at  present  not  much  disagree¬ 
ment  between  the  different  researchers  on  the  question  concerning  the 
role  of  oxide  layers  in  the  passivation  phenomena.  The  situation  is 
different,  however,  with  regard  to  the  ideas  on  the  structure  of  these 
layers.  While  some  researchers  believe  that  the  formation  of  a  monomo- 
lecular  layer  or  even  only  the  filling  of  part  of  the  metal  surface  is 
sufficient  for  passivation,  others  assume  that  the  passivating  oxides 
form  a  layer,  which  is  a  separate  phase  and  insulates  the  metal  mechan¬ 
ically  from  the  ambient  medium.  Here  we  shall  touch  on  this  problem  on¬ 
ly  briefly,  starting  out  from  the  most  unequivocal  experimental  data 
and  limit  ourselves  as  far  as  possible  to  those  of  its  aspects  which 
are  significant  for  chemical  kinetics. 

The  experiments  described  in  the  previous  section  show  that  even 
if  only  a  relatively  small  part  of  a  platinum  surface  is  occupied  by 
oxygen  atoms,  its  rate  of  dissolution  is  considerably  slowed  down.  Such 
passivation  obviously  cannot  by  any  means  be  explained  by  an  insulating 
film.  A  hypothesis  has  been  advanced,  according  to  which  the  modifica¬ 
tion  of  the  kinetics  of  the  anodic  process  in  this  case  is  wholly  de¬ 
termined  by  an  alteration  of  the  structure  of  the  double  electric  lay- 
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er  [9].  As  follows  from  the  adsorption  experiments,  described  in  the 
Introduction,  the  formation  of  a  layer  of  adsorbed  oxygen  or.  the  metal 
surface,  owing  to  its  dipole  properties,  causes  a  profound  change  in 
the  structure  of  the  double  layer  which  markedly  lowers  the  part  of  the 
potential  difference  metal/solution  which  depends  on  the  free  charges 
on  the  metal  surface  and  the  ions  of  the  double  layer  or  even  reverses 
its  sign. 

It  was  pointed  out  in  §8  of  Chapter  4  that  in  the  case  of  some 
other  oxidation  processes  the  appearance  of  oxide  layers  is  accompanied 
by  a  decrease  in  the  reaction  rate.  Although  the  existence  of  a  connec¬ 
tion  between  the  variation  of  the  structure  of  the  double  layer  and 
passivation  is  beyond  doubt,  it  should  be  pointed  out  that  the  explana¬ 
tion  of  the  passivation  effect  on  the  basis  of  the  variation  of  the 
electric  field  at  the  metal  surface  alone  is  less  Justified  than,  for 
example,  the  analogous  explanation  in  the  case  of  the  increase  in  the 
hydrogen  overpressure  due  to  adsorption  of  cations  (see  Chapter  3).  In¬ 
deed,  while  the  valency-saturated  and  hydrated  ions  affect  the  course 
of  the  electrochemical  process  primarily  because  of  the  electric  field 
created  by  them,  the  combination  of  an  oxygen  atom  with  the  metal  sur¬ 
face  modifies  its  chemical  nature  and  can  affect  its  reactivity  via 
different  pathways. 

The  circumstance  that  passivation  is  often  accompanied  by  other 
parallel  anodic  processes  must  be  taken  into  account  in  the  investiga¬ 
tion  of  the  nature  of  the  passivating  layers.  As  an  example  let  us  con¬ 
sider  the  quantitative  relationships  during  the  passivation  of  iron  in 
alkaline  solutions.  The  quantity  of  oxygen  required  for  transforming 
the  iron  (whose  surface  has  previously  been  freed  of  oxide  layers)  to 
the  passive  state,  was  determined  by  recording  the  anodic  charging 
curves.  If  this  measurement  Is  carried  out  in  a  relatively  concentrated 
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caustic  solution,  it  is  necessary  to  use  a  relatively  large  quantity  of 
electricity.  Thus,  for  example,  with  anodic  polarization  of  an  active 
iron  electrode  in  2  N  NaOH  (see  curve  1,  Fig.  Ill)  passivation  occurred 

P 

only  after  0.26  coulombs/cm  had  passed  through  the  electrode,  instead 

—  •3 

of  approximately  0.5*10  coulombs,  required  for  the  formation  of  a 

p 

monolayer  of  oxygen.  This  quantity  of  0.26  coulombs/cm  ,  however,  is 
not  a  measure  of  the  quantity  of  passivating  oxides  on  the  surface. 

it 

0,1 

.  0.1 

Fig.  114.  Passivation  of  an  iron  electrode  in  0.05  N  NaOH  at  a  current 
density  of  4*10~6  amp/cm2.  Th®  diagram  gives  the  potential  <P  as  a  func¬ 
tion  of  the  quantity  of  passed  electricity  Q.  The  potential  was  meas¬ 
ured  against  a  hydrogen  electrode  in  the  same  solution.  A)  Volt;  B)  in 
millicoulombs/cm2. 

During  the  anodic  polarization  of  iron  in  alkali,  two  reactions 
take  place  simultaneously.  The  first  of  these  results  in  the  formation 
of  a  deposit  of  Fe(OH)2  via  the  intermediate  formation  of  the  ferrate 
ion  HeFeO^  in  the  solution  and  does  not  directly  passivate  the  metal. 
The  second  reaction  consists  in  the  formation  of  passivating  surface 
oxides.  The  ratio  of  the  rates  of  the  first  and  second  process  decreas¬ 
es  in  proportion  to  the  decrease  in  the  concentration  of  the  OH-  ions 
in  the  solution  and  increase  in  the  current  density.  In  consequence  of 
this  the  total  quantity  of  electricity  required  for  the  passivation  of 
an  iron  electrode  in  caustic  solutions  also  decreases  with  decrease  in 

its  concentration  and  with  increase  in  current  density.  Thus,  in  0.05 

—6  2 

N  NaOH  solution  at  a  current  density  of  4*10  amp/cm  a  quantity  of 
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electricity  is  used  for  the  passivation  and  dissolution  of  iron  which 
is  equivalent  to  the  formation  of  only  a  single  monatomic  oxygen  layer 
(Fig.  11*1);  at  a  higher  current  density  a  quantity  of  electricity  is 
sufficient  for  passivation  which  ic  even  less  than  that  corresponding 
to  a  monatomic  layer  of  oxygen  [8]. 

If  an  electrode  is  passivated  under  these  conditions  and  the  solu¬ 
tion  is  then  replaced  by  a  more  concentrated  one,  the  passive  state  re¬ 
mains.  It  can  be  assumed  that  even  in  more  concentrated  caustic,  in 
which  iron  can  remain  active  and  pass  into  solution  for  a  long  time 
even  during  anodic  polarization,  the  passivation  is  also  achieved  by  a 
very  small  quantity  of  oxygen.* 

Of  great  importance  for  an  understanding  of  the  mechanism  of  the 
passivation  phenomena  is  a  consideration  of  the  kinetics  involved  in 
the  deposition  of  oxygen  atoms  on  the  metal  surface  and  the  reverse  re¬ 
action  of  ionization  of  adsorbed  oxygen  atoms.  It  has  already  been 
shown  in  Chapter  (§8)  that  the  kinetics  of  this  reaction  can  be  in¬ 
vestigated  by  measurement  of  the  electrode  capacitance  by  means  of  al¬ 
ternating  currents  of  different  frequency.  In  the  case  of  the  platinum 
electrode  it  is  found  that  these  reactions  are  slow. 

The  existence  of  a  large  overvoltage  which  is  typical  for  the  in¬ 
hibition  of  the  reactions  of  deposition  and  removal  of  adsorbed  oxygen 
atoms  is  well  illustrated  by  the  oscillographic  records  of  the  charging 
curves  on  a  smooth  platinum  electrode  within  the  potential  range  of  the 
existence  of  the  oxide  film,  given  in  Fig.  115  [12].  The  anodic  charg¬ 
ing  curve  began  in  all  cases  at  a  potential  of  0.5  v  at  which  the  plat¬ 
inum  surface  is  relatively  free  of  adsorbed  layers.  When  an  anodic  po¬ 
larizing  current  is  applied,  a  marked  potential  shift  is  observed  which 
is  the  greater,  the  greater  the  current  density  (curves  1  and  2,  Fig. 
115).  The  magnitude  of  this  potential  shift  is  determined  by  the  over- 


Fig.  115.  Oscillographic  record  of  the  process  of  oxidation  of  a  plati¬ 
num  surface  (upper  curves)  and  the  reduction  of  the  oxide  film  (lower 
curves)  in  0.01  N  H^SO^  +  1  N  Na^SO^;  curves  1  and  1* :  i  ■  4.2*10~2 

amp/cm^;  2  and  2':  i  *  9«^*10  ^  amp/cm".  The  curves  represent  the  po¬ 
tential  9  (measured  against  a  hydrogen  electrode  in  the  same  solution) 
as  a  function  of  the  quantity  Q  of  electricity  passed  through  (in  mi¬ 
crocoulombs/cm2).  A)  Volt. 


voltage  during  the  deposition  of  oxygen  atoms.  If  the  direction  of  the 
polarization  current  is  reversed,  the  potential  shifts  to  the  opposite 
side  as  a  result  of  which  the  anodic  and  cathodic  charging  curves  form 
a  loop,  whose  size  characterizes  the  degree  of  irreversibility  of  the 
processes  of  formation  and  removal  of  the  oxide  film.  The  overvoltage 
of  the  cathodic  process  of  reduction  of  the  oxide  film  increases  with 
the  time  elapsed  after  the  deposition  of  oxygen  which  indicates  a  grad¬ 
ual  increase  in  the  bond  strength  of  the  oxygen  atoms  with  the  metal. 

The  passivity  caused  by  the  adsorbed  layers  is  the  result  of  a 
modification  of  the  chemical  properties  of  the  surface  in  consequence 
of  the  saturation  of  the  free  valencies  of  the  metal  by  impurity  atoms. 
This  modification  can  affect  the  kinetics  of  the  electrochemical  proc¬ 
esses  in  various  ways,  for  example,  via  an  alteration  of  the  structure 
of  the  double  layer  or  a  variation  of  the  adsorption  energy  of  the  re¬ 
acting  particles. 

The  specific  chemical  role  of  the  atoms  adsorbed  on  the  metal  sjr- 


face  becomes  particularly  clearly  obcious  when  we  consider  the  influ¬ 
ence  of  these  atoms  on  the  kinetics  of  the  anode  processes  which  take 
place  on  the  metal  surface  when  the  latter  is  in  an  active  state.  The 
same  atoms  or  groups  of  atoms,  whose  adsorption  under  other  conditions 
results  in  the  formation  of  passivating  layers,  can  accelerate  the  an¬ 
odic  process.  As  we  shall  see  further  on,  the  adsorption  of  small  quan¬ 
tities  of  oxygen  on  an  iron  surface  from  the  gas  phase  does  not  reduce 
but  increase  the  reactivity  of  the  iron  in  the  anodic  process. 

A  comparison  of  the  rates  of  the  anodic  dissolution  of  iron  in 
NaOH  and  HC1  solutions  gives  an  analogous  result.  For  the  purpose  of 
such  a  comparison  we  must  determine  the  law  connecting  the  rate  of  dis¬ 
solution  of  the  iron  in  acid  with  the  potential  and  extrapolate  it  to 
the  potential  values  ac  which  the  dissolution  of  iron  takes  place  in 
caustic  (Fig.  116).  It  is  found  that  at  equal  potential  the  rate  of 
dissolution  of  the  iron  in  caustic  (curve  b)  is  much  higher  than  in  HC1 
(curve  a);  this  rate  is  approximately  proportional  to  the  0.7 th  power 
of  the  OH~  concentration.  The  processes  of  anodic  dissolution  are  irre¬ 
versible  in  both  solutions  and  their  rate  is  determined  by  the  electro¬ 
chemical  reaction  and  not  by  diffusion.  The  observed  difference  in 
rates  cannot  be  accounted  for  in  any  other  way  than  by  assuming  that 
in  the  caustic  solution  the  first  stage  of  the  anodic  process  of  disso¬ 
lution  of  the  iron  is  the  formation  of  adsorbed  groups,  containing  hy¬ 
droxyl.  The  subsequent  interaction  of  these  groups  with  the  solution 
results  in  the  ionization  and  passing  into  the  solution  of  the  surface 
atoms  of  the  iron  [8].  Thus,  the  adsorption  of  oxygen  in  this  case 
causes  an  acceleration  of  the  anodic  reaction. 

We  encounter  an  interesting  case  of  the  accelerating  effect  of  an 
oxide  film  on  the  kinetics  of  the  electrode  process  when  we  examine  the 
action  of  light  on  the  overvoltage  of  oxygen  separation  and  the  anodic 


oxidation  of  a  metal.  Illumination  of  metals  with  an  oxidized  surface 
lowers,  for  example,  the  oxygen  overvoltage  on  platinum  and  silver  and 
the  overvoltage  of  the  oxidation  of  silver,  or,  in  other  words,  it  ac¬ 
celerates  the  anodic  electrochemical  reaction.  As  V.I.  Veselovskiy 
[13]  has  shown,  the  oxide  film  in  this  case  serves  as  a  receiver  which 
intercepts  a  light  quantum  and  transmits  its  energy  to  the  particles 
which  participate  in  the  electrochemical  act. 
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Fig.  116.  Comparison  between  the  rates  of  anodic  dissolution  or  iron  in 
HC1  (a)  and  NaOH  (b)  solutions.  The  potential  9  was  measured  against 
the  standard  hydrogen  electrode.  A)  Volt. 


Passivation  of  a  metal  can  be  produced  not  only  by  the  adsorption 
of  oxygen  but  also  of  other  atoms.  For  example,  in  analogy  to  the  oxy¬ 
gen  passivation  of  iron  in  caustic,  a  passivation  of  iron  takes  place 
in  acid  solutions  through  adsorption  of  halogens.  The  strongest  passi¬ 
vating  effect  has  iodine,  followed  by  bromine,  and  the  much  weaker  one 
chlorine  [14],  With  increase  in  the  concentration  of  the  acid,  for  ex¬ 
ample,  sulfuric,  the  effect  of  passivation  of  an  iodine  or  bromine  com¬ 
pound  increases  noticeably. 

This  action  is  reflected  in  a  marked  inhibition  of  the  cathodic 
reaction,  the  separation  of  hydrogen,  and  the  anodic  reaction,  the  ion¬ 
ization  of  iron.  As  in  the  case  of  the  passivation  of  iron  by  oxygen  in 
caustic,  a  formation  of  an  adsorbed  iron  compound  with  halogen  obvious¬ 
ly  takes  place  here.  As  direct  measurements  have  shown,  the  adsorbed 
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quantity  of  the  haloid  i  less  than  the  quantity  required  for  the  fill¬ 
ing  of  a  monolayer. 

It  Is  of  Interest  to  call  attention  to  the  fact  that  the  halides, 
like  oxygen,  cause  a  passivation  of  metals  under  certain  conditions 
and  activate  them  under  others.  Thus,  in  presence  of  adsorbed  anions 
the  intensity  of  the  exchange  current  between  zinc  amalgam  and  the  so¬ 
lutions  of  its  salts  increases  (Chapter  6,  §2).  Chlorine  ions  in  alka¬ 
line  solutions  depassivate  iron  (see  further  on,  § 4 ) .  The  halogens  ex¬ 
ert  an  activating  effect  by  being  adsorbed  in  the  forms  of  ions,  re¬ 
taining,  although  in  a  deformed  state,  their  hydrate  envelope.  These 
effects  can  be  interpreted  on  the  basis  of  the  theory  of  the  double 
layer  taking  into  account  the  ^  potential  as  has  been  shown  in  the 
chapter  on  hydrogen  overvoltage.  The  passivating  effect  is  probably 
connected  with  a  more  profound  reaction  between  the  halogens  and  the 
metal,  resulting  in  the  formation  of  surface  compounds.  We  do  not  have 
at  the  present  time  a  simple  theory  which  would  fully  explain  the  ki¬ 
netic  effects  observed  in  this  case.  It  is  possible  that  in  some  cases  ' 
the  formation  of  adsorbed  compounds  with  halogens  does  not  cause  a 
slowing  down  but  an  acceleration  of  the  anodic  process  on  the  metal. 
Otherwise  it  would  be  difficult  to  account  for  the  fact,  for  example, 
that  the  rate  of  the  anodic  dissolution  of  platinum  at  constant  poten¬ 
tial  is  proportional  to  the  concentration  of  the  chlorine  ions  in  the 
electrolyte  [9], 

Let  us  now  turn  to  an  examination  of  passivation  due  to  the  forma¬ 
tion  of  a  relatively  thick  layer  which  shields  the  electrode  surface. 
This  kind  of  passivation  can  be  termed  "mechanical"* in  contrast  to  the 
"chemical,"  i.e.,  connected  with  chemical  adsorption,  which  has  been 
discussed  in  the  foregoing.  The  works  of  L.Yu.  Kurts,  A.G.  Samartsev, 
E.N.  Kabanov  and  also  various  foreign  authors  have  been  devoted  to  the 


problems  of  mechanical  passivation. 

Electrode  systems  such  as  silver  In  solutions  of  halides  and  leaa 
In  sulfate  solutions  are  covered  during  anodic  polarization  with  a  lay¬ 
er  of  the  corresponding  salt.  As  a  typical  example  let  us  take  the 
practically  important  case  of  the  passivation  of  lead  in  sulfuric  acid 
solutions  which  has  been  studied  in  great  detail  [15].  The  practical 
importance  of  this  case  consists  in  the  fact  that  the  passivation  of 
lead  limits  the  process  of  discharge  of  the  lead  electrode  of  the  sul¬ 
furic  acid  battery.  This  electrode  consists  of  spongy  lead  the  pores  of 
which  are  filled  with  electrolyte,  the  sulfuric  acid  solution.  During 
discharge  the  reaction 

Pb  -f  SO*" '  =  PbS04  4-  2c  (A) 

takes  place  and  insoluble  lead  sulfate  is  formed.  During  the  reaction 
the  ions  are  used  up  and  the  H+  ions  are  removed  by  transfer,  in 

consequence  of  which  the  concentration  of  the  sulfuric  acid  at  the  neg¬ 
ative  electrode  decreases. 

The  reaction  (A)  in  the  battery  never  goes  to  completion:  only  a 
certain  proportion  of  the  quantity  of  lead  present  is  used,  determined 
by  the  capacitance  of  the  electrode  .*  When  the  current  density  is  in¬ 
creased  and  the  temperature  lowered,  the  capacitance  of  the  lead  elec¬ 
trode  decreases.  This  phenomenon  is  usually  ascribed  to  the  decrease  in 
the  sulfuric  acid  concentration  in  the  pores,  which,  as  it  was  be¬ 
lieved,  should  have  a  greater  effect  at  low  temperatures  in  consequence 
of  the  slowing  down  of  diffusion.  A  study  of  the  behavior  of  the  smooth 
lead  electrode  has  shown,  however,  that  the  important  factor  which  lim¬ 
its  the  possibility  of  using  metallic  lead,  is  the  passivation  taking 
place  in  consequence  of  the  coating  of  a  large  proportion  of  the  lead 
surface  with  a  nonconducting  layer  of  PbSO^  crystals,  and  that  the  po¬ 
larization  of  the  same  electrode  is  determined  by  the  overvoltage  of 
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the  anodic  process. 

Figure  117  shows  the  potential  of  the  lead  electrode  in  a  H0SO^ 
solution  as  a  function  of  the  quantity  of  electricity  passed  through 
it.  The  origin  of  the  ordinate  axis  corresponds  to  the  reversible  po¬ 
tential  of  lead  in  a  sulfuric  acid  solution,  saturated  with  lead  sul¬ 
fate.  During  anodic  polarization  the  potential  shifts  to  the  positive 
side.  The  electrochemical  polarization  during  the  reaction  of  ioniza¬ 
tion  of  the  lead  at  low  current  densities  is  slight,  and  the  potential 
shift  is  caused  mainly  by  the  increase  in  the  concentration  of  the  Pb++ 
ions  near  the  electrode  surface.  When  a  certain  oversaturation  of  the 
solution  with  lead  sulfate  has  been  attained,  crystals  of  lead  sulfate 
begin  to  be  deposited  on  the  electrode  surface  which  causes  a  reduction 
of  the  oversaturation  and  the  appearance  of  a  potential  shift  in  the 
opposite  direction  on  the  cux’ve  (section  A  on  curve  Fig.  117)  •  On  the 
curve  potential-quantity  of  electricity  (at  constant  density  of  the  po¬ 
larization  current)  in  its  initial  stage  there  is  thus  observed  a  cer¬ 
tain  potential  Jump  of  a  magnitude  corresponding  to  the  steady-state 
process  of  the  formation  of  PbSO^  crystals  which  is  represented  by  the 
horizontal  section  of  the  curve.  In  contrast  to  the  analogous  phenome¬ 
non  which  is  observed  when  oxide  layers  are  removed  from  the  surface  of 
platinum  and  rhodium  (Figs.  35  and  36),  this  jump  is  due  to  the  inhi¬ 
bition  of  the  process  of  crystallization  of  the  dissolved  substance 
while  in  the  previously  described  case  we  were  dealing  with  a  pure  sur¬ 
face  reaction.  However,  when  the  first  PbSO^  crystals  appear  on  the 
electrode  surface,  the  potential  does  not  revert  to  the  equilibrium 
value,  and  the  solution  remains  oversaturated  although  somewhat  less 
than  prior  to  the  formation  of  the  PbSO^  layer.  The  oversaturation  de¬ 
pends,  on  the  one  hand,  on  the  density  of  the  polarizing  current  and, 
on  the  other,  on  the  rate  of  crystallization  of  the  PbSO^ . 


Fig.  117.  Overvoltage  n  (in  mv)  of  a  lead  electrode  in  10  N  as  a 

function  of  the  quantity  of  electricity  Q  passed  through  it.  The  passi¬ 
vation  of  the  electrode  takes  place  as  a  result  of  the  passage  of  the 
quantity  of  electricity  q.  A)  Coulombs/cm^ ;  B)  mv. 


Following  the  passage  of  a  certain  quantity  of  electricity  q  (Fig. 
117),  further  passage  of  current  causes  the  electrode  potential  to  rise 
slightly  at  first  and  then  shifts  it  to  the  positive  side,  i.e.,  passi¬ 
vation  has  occurred.  This  increase  in  potential  which  appears  to  be 
sudden  is  caused  by  the  increase  in  the  current  density  in  the  pores  of 
the  insulating  salt  layer  at  the  end  of  the  process  of  covering  of  the 
surface.  Measurements  showed  that  the  capacitance  of  the  double  layer 
decreases  during  the  anodic  passivation  of  lead  by  a  current  with  con¬ 
stant  intensity  approximately  linearly  with  time  (Fig.  118)  and,  conse¬ 
quently,  the  lead  surface  is  uniformly  covered  with  a  layer  of  lead 
sulfate.  If  the  surface  is  covered  uniformly  with  time,  the  potential, 
in  accordance  with  the  logarithmic  dependence  of  the  potential  on  the 
current  density,  should  increase  in  the  manner  observed  experimentally 
(Fig.  117).  The  quantity  of  electricity,  required  for  the  complete 
passivation  of  lead  under  these  conditions,  corresponds  to  the  forma¬ 
tion  of  a  layer  of  salt  over  most  of  the  metal  surface  with  a  thickness 
of  the  order  of  one  micron  [153. 

The  presence  of  crystalline  layers  of  insoluble  salts  on  the  elec- 
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trode  surface  in  the  case  of  this  "mechanical"  passivation  can  also  be 
detected  by  the  phenomenon  of  double  refraction  in  reflected  light. 

The  above-described  passivation  of  iron  in  alkaline  solutions  also 
involves  the  formation  of  a  layer  of  the  insoluble  compound  Fe(OH)2 
around  the  electrode.  The  passivation  of  lead,  however,  differs  from 
the  passivation  of  iron  by  the  fact  that  the  flocculent  layer  of 
Fe(OH)2  does  not  impede  access  of  electrolyte  to  the  electrode.  The 
formation  of  this  layer  does  not  directly  affect  the  electrochemical 
properties  of  the  metal  which  depend  mainly  on  the  appearance  of  a  much 
thinner  layer  of  passivating  oxide.  In  contrast,  the  formation  of  a 
layer  of  PbSO^,  which  adheres  tightly  to  the  electrode,  greatly  reduces 
its  active  surface  and  thus  causes  a  decrease  in  its  electrochemical 
activity . 


Fig.  118.  Capacitance  of  a  lead  electrode,  measured  by  means  of  alter¬ 
nating  current,  as  a  function  of  the  duration  of  anodic  polarization. 
A)  Time  (min). 

Apart  from  these  fundamental  differences  between  the  course  of 
the  process  of  passivation  in  these  two  cases  there  are  also  certain 
similar  features.  In  both  cases  the  quantity  of  electricity  q  required 
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for  the  passivation  of  the  electrode  is  reduced  by  a  decrease  in  tem¬ 
perature  and  an  increase  in  current  density.  The  following  relationship 
obtains  between  the  quantity  of  electricity  q  *  ti  (where  t  is  the  in¬ 
terval  of  time,  required  for  the  passivation  of  the  electrode)  and  the 
density  of  the  anodic  polarization  current  t 

=  —  const,  (268) 

in  which  the  exponent  n  is  approximately  constant.  In  the  case  of  the 
passivation  of  lead  n  is  1-0.4,  and  in  the  case  of  passivation  of  iron 
in  NaOH  it  is  0. 3-0.5.  This  quantitative  coincidence  of  the  exponen' s 
in  the  two  cases  is  unexpected  because  in  the  passivation  of  lead  q  ex¬ 
presses  the  quantity  of  electricity  consumed  for  the  formation  of  the 
passivating  PbSO^  layer,  which  is  proportional  to  the  thickness  of  the 
passivating  layer,  while  in  the  case  of  iron  passivation  the  predomi¬ 
nating  part  of  the  quantity  of  electricity  imparted  to  the  electrode  is 
consumed  in  the.  formation  of  the  nonpassivating  porous  deposit  of 
Fe(0H)2,  and  only  a  small  fraction  of  it  is  consumed  for  the  formation 
of  the  passivating  ferrous  oxide. 

The  thickness  of  the  passivating  layer  of  PbSO^  is  determined  by 
the  conditions  of  crystallization  of  the  PbSO^  on  the  lead  surface.  If 
the  growth  of  the  PbSO^  crystallites  takes  place  mainly  parallel  to  the 
electrode  surface,  it  is  covered  sooner  and  a  thinner  passivating  layer 
is  formed.  Conversely,  a  relative  increase  in  the  growth  rate  perpen¬ 
dicularly  to  the  surface  results  in  a  thickening  of  the  passivating 
layer.  The  ratio  of  the  growth  rates  in  a  direction  parallel  and  per¬ 
pendicular  to  the  surface  is  evidently  connected  with  the  solubility  of 
the  PbS0|j  and  the  degree  of  oversaturation  of  the  solution  with  PbSO^ 
formed  at  the  lead  surface.  Conditions  which  promote  a  high  supersatu¬ 
ration  (such  as,  for  example,  increase  in  the  current  density,  or  at  a 
given  current  density,  lowering  of  the  solubility  of  the  PbSO^  because 


of  a  variation  of  the  sulfuric  acid  concentration  or  lowering  of  the 
temperature)  result  in  the  formation  of  thinner  passivating  layers 
(Fig.  119).  Because  of  the  decrease  in  the  thickness  of  the  passivating 
PbSOjj  film  the  quantity  of  electricity  which  can  be  obtained  during  the 
discharge  of  the  lead  battery  decreases.  Surface-active  substances  have 
a  great  influence  on  the  thickness  of  the  passivating  layer,  for  exam¬ 
ple,  gelatin  causes  a  thickening  of  the  layer. 


Fig.  119-  Variation  of  the  quantity  of  substance  q  in  the  p^srivating 
layer  of  lead  sulfate  on  lead,  expressed  on  coulombs  per  cm2  or  sur¬ 
face,  as  a  function  of  temperature  (a)  and  the  sulfuric  acid  concentra¬ 
tion  (b).  A)  Coulombs/cm2;  B)  equ/liter. 

An  analogous  passivation  mechanism  is  obviously  involved  in  some 
other  cases,  for  example,  that  of  the  anodic  passivation  of  silver  in  a 
solution  of  halides  [16]. 

As  Fig.  117  shows,  once  the  greater  part  of  the  lead  surface  is 
covered  by  a  layer  of  PbSO^,  further  passage  of  current  causes  a  strong 
potential  shift  to  the  anodic  side.  However,  this  does  not  cause  the 
electrochemical  process  to  cease  because  some  pores  remain  in  the  PbSO^ 
or  are  newly  formed.  The  potential  shift  to  the  positive  side  during 
the  covering  of  the  electrode  with  a  passivating  film  has  often  been 
explained  by  the  ohmic  potential  drop  due  to  the  high  resistance  of 
the  electrolyte  in  the  pores.  This  point  of  view  has  been  particularly 
defended  by  V.  Mueller  [2].  Although  the  ohmic  potential  drop  in  the 


electrolyte  In  the  pores  can  attain  considerable  values  for  certain 
systems,  this  explanation  is  not  correct  in  most  cases.  In  the  case  of 
lead  in  H  ,30^  solutions  the  ohmic  potential  drop  is  negligibly  small, 
and  the  observed  potential  shift  is  caused  by  a  polarization  of  the 
electrode  due  to  the  high  current  density  in  the  pores. 

The  large  potential  shift  to  the  anodic  side  has  the  consequence 
that  a  new  anodic  process  begins  in  which  the  lead  no  longer  goes  over 
into  the  divalent  but  the  tetravalent  form,  namely  PbO^.  The  formation 
of  compounds  with  higher  valency,  which  takes  place  in  consequence  of 
the  potential  shift  to  the  positive  side,  is  often  observed  in  passiva¬ 
tion  phenomena,  independent  of  the  nature  of  the  passivating  film. 

Thus,  during  the  passivation  of  chromium  the  normal  process  of  trans¬ 
formation  of  the  chromium  into  ions  of  divalent  (and  partly  trivalent) 
chromium  ceases,  but  at  sufficiently  high  positive  potentials  the  for¬ 
mation  of  chromate  ions  is  observed  in  which  the  chromium  is  hexava- 
lent.  When  iron  in  concentrated  alkaline  solutions  has  been  passivated 
with  regard  to  the  process  of  formation  of  divalent  iron  compounds,  it 
can  go  into  solution  depending  on  the  experimental  conditions,  as 
pointed  out  above,  with  formation  of  ferrites  in  which  the  iron  is 
trivalent  or,  at  still  more  positive  potentials,  with  formation  of  fer¬ 
rates,  compounds  of  hexavalent  iron. 

Passivating  phase  layers  which  separate  a  varying  part  of  the  elec¬ 
trode  surface  from  the  solution  can  modify  the  conditions  under  which 
the  electrochemical  reactions  take  place  on  the  remaining  uncovered 
surface.  If  this  layer  has  a  considerable  metallic  conductivity  (as, 
for  example,  a  layer  of  Fe^O^  on  iron),  an  electrochemical  process  can 
take  place  even  on  the  covered  surface  under  suitable  conditions.  Thus, 
if  the  solution  contains  oxygen,  it  can  be  reduced  r.ot  only  on  the  bare 
metal  but  also  on  the  surface  of  the  oxide  layer  (see  following  chap- 


ter) . 


In  some  cases  the  passivation  of  an  anodically  soluble  metal  de¬ 
pends  to  a  large  extent  on  the  crystal  form  of  the  deposit  appearing 
on  it.  For  example,  during  the  anodic  dissolution  of  zinc  in  alkalis 
at  moderate  current  densities  such  as  are  used  in  galvanic  cells,  pas¬ 
sivation  of  the  zinc  occurs  only  when  the  rhombic  modification  of  zinc 
hydroxide  [17]  is  deposited  from  the  saturated  zincate  solution.  This 
is  the  case  in  concentrated  alkali  at  low  temperatures  or  in  caustic 
solutions  of  medium  concentration  at  room  temperature.  The  passivation 
of  the  electrode  is  due  to  the  fact  that  this  modification  of  zinc  hy¬ 
droxide  covers  the  electrode  with  a  compact  tightly  adhering  layer.  The 
formation  of  non-hydrated  zinc  oxide,  however  (in  concentrated  caustic 
potash  solutions  at  room  temperature)  or  of  the  prismatic  modification 
of  zinc  hydroxide  (in  relatively  dilute  solutions  at  low  temperatures) 
does  not  cause  passivation  of  the  zinc  electrode  because  the  crystalli¬ 
zation  of  these  compounds  and  the  growth  of  their  crystals  does  not 
lead  to  the  formation  of  a  tightly  adhering  compact  passivating  film  on 
the  electrode. 

Despite  the  wide  distribution  of  the  phenomena  of  "mechanical" 
passivation,  it  should  be  remembered  that  a  large  number  of  the  phenom¬ 
ena  observed  in  passivation  cannot  be  interpreted  on  the  basis  of  the 
concepts  which  take  merely  the  shielding  effect  of  the  passivating  lay¬ 
er  into  account.  As  previously  emphasized,  the  diverse  effects  observed 
in  the  presence  of  foreign  atoms  on  the  electrode  surface,  attest  to 
the  profound  chemical  changes  of  its  properties  and  cannot  be  reduced 
to  mere  mechanical  covering  of  the  surface.  However,  it  would  be  en¬ 
tirely  incorrect  to  infer  from  this  that  the  shielding  of  the  surface 
does  not  play  an  important  part  in  the  phenomena  of  passivity.  The 
state  of  the  surface  layer  depends  on  the  density  of  the  current  pass- 
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ing  through  it.  The  latter,  however,  evidently  increases  many  times  if 
a  large  part  of  the  electrode  surface  is  shielded  by  a  nonconducting 
oxide  film  or  insoluble  salts  and  the  electrochemical  processes  are 
concentrated  only  in  the  pores.  Moreover,  the  mixing  of  the  solution  in 
the  porec  is  inhibited  which  facilitates  alterations  in  its  composi¬ 
tion.  Hence  when  a  complete  theory  of  passivation  is  to  be  constructed, 
it  is  essential  to  take  into  account  not  only  the  chemical  nature  of 
the  adsorbed  or  other  passivating  layers  whose  thickness  is  close  to 
molecular,  but  also  the  diverse  structural  properties  of  thinner  films 
present  on  the  electrode  surface. 

The  historical  merit  to  have  stated  this  part  of  the  problem  of 
passivity  broadly  belongs  to  Academician  V.A.  Kistyakovskiy  [5]  whose 
film  theory  of  passivity  and  corrosion  encompassed  a  large  number  of 
processes,  which  take  place  in  oxide  films  and  affect  their  protective 
properties.  V.A.  Kistyakovskiy  emphasized  that  the  protective  films 
should  have  a  colloidal  structure  and  believed  that  the  destruction  of 
the  film  takes  place  via  the  formation  of  corrosion  centers  reminiscent 
of  crystallization;  at  the  present  time  we  cannot  agree  with  the  hy¬ 
pothesis  concerning  the  disappearance  of  the  protective  properties  upon 
crystallization  of  the  film. 

In  his  examination  of  the  passivity  of  stainless  steel,  G.V. 

Akimov  ri8]  arrived  at  the  conclusion  that  the  greater  part  of  the  sur¬ 
face  is  covered  with  a  thin,  dense  (phase)  film,  below  which  (and  in 
its  pores)  there  are  oxygen  atoms  which  are  strongly  adsorbed  on  the 
surface.  The  combination  of  a  thin,  elastic  and  strong  film  with  an  ad¬ 
sorbed  layer  of  oxygen  determines  the  high  corrosion  resistance  of  the 
stainless  steels  in  media  containing  oxidants. 

Of  great  importance  for  the  further  development  of  our  ideas  on 
the  passivation  phenomena  is  the  investigation  of  the  crystal  structure 

-  1458  - 


of  these  surface  films  [19],  their  porosity,  the  distribution  of  de¬ 
fects  in  them,  etc.  [20],  by  means  of  the  methods  of  electron  diffrac¬ 
tion,  electron  microscopy  and  electrochemical  measurements. 

§3.  FORMATION  OF  PASSIVATING  LAYERS  ON  THE  METAL-ELECTROLYTE  INTERFACE 
AND  OXIDATION  OF  METALS  BY  GASEOUS  OXYGEN 

A  comparison  of  the  phenomena  which  take  place  during  the  forma¬ 
tion  of  oxide  films  at  the  metal-electrolyte  interface,  on  the  one 
hand,  and  during  the  reaction  of  metals  with  gaseous  oxygen,  on  the 
other,  is  of  considerable  interest. 

Let  us  first  dwell  briefly  on  the  basic  kinetic  laws  which  govern 

the  latter. 

Of  great  importance  for  the  kinetics  of  the  interaction  between 
metals  and  gaseous  oxygen  is  the  ratio  of  the  atomic  volume  of  the  met¬ 
al  and  the  molecular  volume  of  the  oxide  formed  from  it.  When  the  lat¬ 
ter  is  greater  than  the  first,  as  is  the  case,  for  example,  in  the  oxi¬ 
dation  of  iron  or  aluminum,  a  compact  oxide  layer  is  often  formed  as  a 
result  of  the  oxidation  which  has  protective  properties  to  some  extent. 
In  consequence  of  the  volume  decrease  connected  with  the  transition 
from  the  atom  of  the  metal  to  the  ion  contained  in  the  oxide,  a  volume 
increase  through  oxidation  of  the  metal  does  not  always  take  place;  for 
example,  it  does  not  occur  in  the  oxidation  of  the  alkali  metals.  In 
this  case  a  compact  oxide  layer  is  not  formed  and  the  oxidation  goes 
to  completion  without  hindrance,  at  least  at  temperatures  which  are 
not  too  low. 

In  the  presence  of  compact  oxide  films  the  rate  of  oxidation  de¬ 
creases  with  time  in  accordance  with  typical  laws.  The  simplest  rela¬ 
tionship  is  obtained  when  the  thickness  of  the  film  thus  formed  ex¬ 
ceeds  the  molecular  dimensions  and  the  rate  of  the  process  as  a  whole 
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is  determined  by  diffusion  of  the  reacting  substance  through  the  film 
in  which  case  a  constant  value  can  be  ascribed  to  the  diffusion  factor 
D ,  which  does  not  vary  with  increase  in  the  film  thickness  x.  Because 
the  diffusion  rate  is  inversely  proportional  to  the  layer  thickness, 
through  which  the  diffusion  takes  place,  it  is  obvious  in  this  case 
that 


dx 

dt  “ 

where  K  is  a  proportionality  factor 
(269)  gives  the  relation 


(269) 


,  and  t  the  time.  Integration  of  Eq. 


**=  2KDt,  (270) 

which  expresses  the  parabolic  law  of  growth  of  the  film.  Equation  (270) 
is  correct  only  at  not  too  small  values  of  x  because  the  above-given 
arguments  are  not  applicable  to  films  of  molecular  dimensions  [21]. 

Because  of  the  slowness  of  the  diffusion  processes  in  solids  the 
diffusion  in  compact  oxide  films,  covering  the  metal,  can  be  observed 
in  practice  only  at  elevated  temperatures.  Some  sorts  of  steel  (for  ex¬ 
ample,  chromium  steels  with  additions  of  silicon,  molybdenum  or  other 
elements)  remain  stable  to  oxygen  at  high  temperatures  up  to  1000°C. 

Of  special  interest  is  the  elucidation  of  the  question  of  the  pre¬ 
cise  nature  of  the  particles  which  diffuse  through  the  film.  As  experi¬ 
ment  shows,  in  many  cases  when  films  grow  under  the  action  of  oxygen 
(and  other  aggressive  agents,  for  example,  sulfur,  halogens),  a  diffu¬ 
sion  of  the  metal  from  the  metal/film  interface  to  its  external  surface 
takes  place,  where  the  metal  does  not  diffuse  In  the  form  of  atoms  but 
in  the  form  of  ions  with  simultaneous  movement  of  electrons.  The  elec¬ 
trons  combine  at  the  outer  surface  of  the  film  with  the  oxygen  with 
formation  of  oxygen  ions.  Thus  both  metal  ions  and  oxygen  ions  arrive 
in  the  film  and  the  film  grows  as  a  result  of  the  electrochemical  proc- 
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ess,  the  closing  of  this  unique  electrical  circuit  takes  place  by  the 
movement  of  the  electrons  through  the  film  [22]. 

The  passage  of  metal  through  the  film  is  possible  only  if  its  com¬ 
position  differs  from  stoichiometrical,  these  deviations  being  of  dif¬ 
ferent  kinds.  Thus,  in  the  case  of  the  oxidation  of  zinc  the  oxide  film 
near  the  metal  surface  contains  an  excess  of  zinc  ions  compared  with 
the  composition  which  would  accurately  correspond  to  the  formula  ZnO 
and  an  equivalent  number  of  electrons.  The  excess  Zn++  ions  are  dis¬ 
tributed  between  the  lattice  points.  At  the  external  surface  the  con¬ 
centration  of  these  excess  ions  drops  almost  to  zero.  During  the  oxida¬ 
tion  process  a  diffusion  of  zinc  ions  and  electrons  takes  place  from 
the  internal  to  the  external  surface  of  the  film. 

A  different  picture  is  observed  in  the  case  of  the  oxidation  of 
copper  with  formation  of  cuprous  oxide.  The  composition  of  the  oxide 
formed  in  this  case  also  differs  from  the  stoichiometric  composition 
Cu20  but  no  longer  in  the  direction  of  an  excess  of  metal  but  in  the 
direction  of  an  excess  of  oxygen.  Part  of  the  sites  in  the  Cu20  lattice 
which  should  be  occupied  by  Cu+  ions,  are  vacant  and  the  shortage  of 
positive  charges  compared  with  the  charges  of  the  0  anions  is  compen¬ 
sated  by  a  replacement  of  part  of  the  Cu+  ions  by  Cu++  ions.  The  latter 
may  be  regarded  as  sites  of  electron  deficiency  or  electron  "holes." 

The  deficiency  of  Cu+  ions  and  the  concentration  of  the  holes  is  evi¬ 
dently  greater  at  the  external  boundary  of  the  layer  than  at  the  inter¬ 
nal.  During  oxidation  a  diffusion  of  Cu+  ions  from  the  Internal  to  the 
external  surface  takes  place  in  consequence  of  successive  transitions 
of  Cu+  ions  from  occupied  sites  to  vacant  sites  and  the  exchange  of 
electrons  between  the  Cu+  and  Cu++  ions,  which  may  be  regarded  as  a 
movement  of  holes  from  the  external  to  the  internal  surface.  A  more 
profound  analysis  of  the  conditions  of  movement  of  charged  particles  in 


the  two  cases  leads  to  the  conclusion  that  the  rate  of  oxidation  of 
copper  should  be  greater  than  the  rate  of  oxidation  of  zinc  and  depends 
more  on  oxygen  pressure  than  the  latter. 

The  use  of  the  theory  of  diffusion  and  electrical  conductivity  in 
Ionic  conductors  and  semiconductors,  created  primarily  by  Soviet  scien¬ 
tists,  In  particular,  by  Ya.I.  Frenkel’,  makes  It  possible  in  other 
cases  as  well  to  analyze  the  phenomena  taking  place  during  the  growth 
of  oxide  and  other  layers  on  metals.  Experiments,  however,  have  shown 
that  in  addition  to  taking  into  account  the  movement  of  cations  and 
electrons,  the  movement  of  anions  must  generally  also  be  considered 
and,  according  to  some  authors,  also  that  of  oxygen  atoms.  The  quanti¬ 
tative  development  of  these  concepts  leads  to  a  relation  from  which 
Eq.  (270)  can  be  derived  under  certain  simplifying  assumptions. 
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Fig.  120.  Rate  of  oxidation  v  of  iron  powder  as  a  function  of  the  quan¬ 
tity  A  of  adsorbed  oxygen.  The  rate  of  oxidation  is  expressed  in  cm3  of 
adsorbed  oxygen  per  minute.  1)  cm3/min;  2)  cm3/g. 

In  some  systems  one  has  to  take  into  account  not  only  the  slowness 
of  the  diffusion  but  also  the  slowness  of  the  reaction  at  the  interface 
between  the  film  and  the  gas  (or  between  the  film  and  the  metal).  In 
these  cases  the  rate  of  growth  is  determined  by  the  reaction  rate  for 
small  thicknesses  and  by  the  diffusion  rate  for  great  thicknesses  [21]. 

Of  special  interest  for  electrochemistry  are  the  deviations  from 
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the  parabolic  growth  law  expressed  by  Eq.  (270)  in  the  case  of  very 
thin  films,  consisting  only  of  a  single  or  several  crystal  cells  of  ox¬ 
ide.  Such  deviations  have  been  observed  during  the  oxidation  of  iron, 
aluminum,  stainless  steels  and  other  metals  at  moderate  temperatures. 
Figure  120  gives  the  oxidation  rate  of  iron  as  a  function  of  the  ab¬ 
sorbed  quantity  of  oxygen  [23].  In  these  experiments  the  oxygen  was 
brought  into  contact  with  the  iron  in  successive  portions  at  20°C,  and 
the  absorption  rate  was  observed.  This  was  initially  very  high  but  af¬ 
ter  the  absorption  of  a  certain  quantity  of  oxygen,  i.e.,  the  formation 
of  a  film  with  a  certain  thickness,  the  rate  dropped  sharply  to  a  very 
small  value.  At  low  temperatures  this  value  is  so  small  that  film 
growth  is  practically  completely  arrested  after  the  attainment  of  the 
above-mentioned  limit  value.  At  higher  temperatures  one  can  observe 
further  film  growth  even  during  the  second,  slow  stage  of  the  oxidation 
process  which  gradually  slows  down  with  increase  in  the  thickness  of 
the  oxide  film  as  has  been  discussed  in  the  foregoing.  Finally,  at  even 
higher  temperatures,  the  growth  rate  during  the  second  (slow)  stage  in¬ 
creases  so  strongly  that  the  borderline  between  the  first  and  second 
stage  disappears. 

Thus  there  exists  a  limit  film  thickness  over  a  relatively  wide 
temperature  range,  at  which  the  reaction  with  oxygen  is  greatly  slowed 
down  or  practically  arrested.  The  cessation  of  the  oxidation  reaction 
at  a  certain  thickness  of  the  oxide  film  is  superficially  similar  to 
the  transition  to  the  passive  state  and  the  term  metal  passivation  is 
also  often  applied  to  it.  The  existence  of  a  fast  and  slow  oxidation 
stage  in  the  case  of  iron  was  discovered  by  Langmuir;  this  phenomenon 
was  later  studied  by  A. A.  Kochetkov  and  others  [24], 

As  R.Kh.  Burshteyn  showed,  the  thickness  of  the  limit  layer  on 
iron  depends  greatly  on  temperature.  Within  the  range  of  temperatures 
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from  -130°  to  — 70°C  the  oxidation  reaction  is  arrested  by  the  formation 
of  a  coating  containing  two  oxygen  atoms  for  every  surface  atom  of 
iron  (Fig.  121),  at  room  temperature  the  thickness  of  the  limit  layer 
is  twice  as  great  and  at  200°C  it  is  about  10  times  greater  than  at 
-70°  [23]. 


Fig.  121.  Quantity  of  absorbed  oxygen,  corresponding  to  the  end  of  the 
first  stage  of  adsorption,  as  a  function  of  temperature  (in  °  Kelvin) 
during  the  oxidation  of  iron.  1)  Number  of  molecular  layers;  2)  cm3/g. 


Various  attempts  have  been  made  to  explain  the  rapid  drop  of  the 
oxidation  rate  occurring  when  a  certain  thickness  of  the  oxide  film  is 
reached.  Mott  used  a  concept  which  is  to  some  degree  analogous  to  that 
used  for  the  interpretation  of  the  action  of  the  field  in  the  theory  of 
delayed  discharge,  assuming  that  the  positive  charge  on  the  metal  sur¬ 
face  and  the  negative  charges  of  the  oxygen  ions  at  the  outer  surface 
of  the  film  form  a  double  layer  whose  field  facilitates  the  penetration 
of  metal  ions  through  the  film.  In  proportion  to  the  thickening  of  the 
film,  the  intensity  of  this  field  decreases  and  the  penetration  of  ions 
is  inhibited  which  results  in  a  decrease  in  the  growth  rate  of  the 
film  [25]. 

Other  explanations  have  been  advanced  by  I. A.  Smirnov  [26]  and 
P.D.  Dankov  [27].  P.D.  Dankov  connects  the  slowing  down  of  the  growth 
rate  of  the  oxide  film  with  a  decrease  in  time  of  the  number  of  defects 
in  the  oxide  lattice  which  make  the  diffusion  of  the  metal  atoms  possi- 
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The  mechanism  of  this  phenomenon  cannot  yet  be  considered  as  fi¬ 
nally  explained.  In  any  case,  the  sudden  slowing  of  the  growth  rate, 
occurring  when  a  certain  thickness  has  been  attained,  shows  that  the 
movement  of  ions  and  atoms  during  the  growth  of  very  thin  films  takes 
place  in  accordance  with  a  mechanism  which  differs  from  the  normal 
diffusion  observed  in  thicker  layers.  In  spite  of  a  certain  similarity 
existing  between  the  formation  of  protective  films  during  the  oxidation 
of  metals  with  gaseous  oxygen  in  the  absence  of  moisture  and  the  passi¬ 
vation  through  the  action  of  dissolved  oxidants  or  during  anodic  polar¬ 
ization,  these  phenomena  cannot  be  considered  as  identical. 

The  quantity  of  electricity  required  for  the  passivation  of  an 
iron  electrode  depends  on  the  conditions  of  formation  of  the  surface 
oxide.  Whilst  a  passivation  of  the  electrode  can  be  achieved  during  the 
deposition  of  oxygen  by  anodic  polarization  with  quantities  correspond¬ 
ing  to  the  formation  of  a  fraction  of  a  monolayer,  a  much  greater  quan¬ 
tity  of  oxygen  is  required  during  the  oxidation  of  Iron  by  gaseous  oxy¬ 
gen  for  passivation.  It  has  been  shown  that  the  electrochemical  activ¬ 
ity  of  the  electrode  can  be  gaged  by  the  length  of  the  lag  on  the  curve 
of  the  potential  as  a  function  of  the  quantity  of  electricity  passed 
through  (Fig.  111).  If  the  iron  is  completely  passivated  beforehand  in 
air,  this  lag  disappears,  i.e.,  Fe(OH)2  is  not  formed  on  such  an  elec¬ 
trode  during  anodic  polarization  in  alkaline  solutions  and  the  elec¬ 
trode  goes  over  into  the  range  of  more  positive  potentials  almost  Imme¬ 
diately  . 

In  the  case  of  the  action  of  gaseous  oxygen  this  result  is  at¬ 
tained  only  after  the  iron  has  absorbed  quantities  of  oxygen,  which, 
although  not  large,  nonetheless  are  much  greater  than  the  quantity  re¬ 
quired  for  filling  of  a  monolayer.  Thus  a  quantity  of  oxygen  corre- 
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sponding  to  2*10  molecules  per  square  centimeter  of  true  electrode 
surface  does  not  markedly  passivate  the  electrode  at  room  temperature 
although  it  is  sufficient  for  the  formation  of  a  layer  of  y  Peo0^  ox¬ 
ide,  with  a  mean  thickness  of  approximately  6  A.  Complete  passivation 
is  attained  only  by  the  deposition  of  4*10^  molecules.  Furthermore, 
during  anodic  polarization  in  dilute  caustic  solutions  the  preliminary 
deposition  of  small  quantities  of  oxygen,  insufficient  for  complete 
passivation,  from  the  gas  phase,  causes  also  a  considerable  increase  in 
the  quantity  of  Fe(0H)2  formed  during  further  anodic  polarization  [23]. 
This  peculiar  activating  effect  of  small  quantities  of  oxygen,  deposit¬ 
ed  from  the  gas  phase,  may  be  connected  with  their  penetration  under 
the  outer  layer  of  atoms  in  the  iron  lattice  which  can  be  detected  on 
the  basis  of  the  variation  of  the  sign  of  the  work  function  of  the 
electron  during  the  adsorption  of  small  and  large  quantities  of  oxygen 
from  the  gas  phase  (see  Introduction,  58).  It  is  possible  that  during 
the  formation  of  an  oxide  film  by  anodic  polarization  in  electrolyte 
solution  the  oxygen  atoms  remain  bound  to  water  molecules  which  would 
prevent  them  from  sliding  under  the  top  layer.  The  problem  of  the  cause 
of  the  difference  in  the  passivating  effect  of  oxygen  in  these  two 
methods  of  formation  of  a  surface  layer  requires  some  further  study. 

In  the  case  of  aluminum  there  are  also  great  differences  between 
the  phenomena  observed  during  oxidation  by  gaseous  oxygen  and  during 
anodic  polarization.  The  oxidation  of  aluminum  in  gaseous  oxygen  at 
room  temperature  practically  ceases  as  soon  as  a  very  thin  protective 
oxide  film  has  been  formed.  At  the  same  time  if  anodic  polarization  is 
carried  out  in  various  electrolytes,  for  example,  in  sulfuric  acid,  the 
thickness  of  the  oxide  layer  on  the  aluminum  can  be  much  greater  than 
that  of  a  monomolecular  layer.  As  Fig.  122  shows,  the  capacitance  of 
the  double  layer  on  aluminum  in  sulfuric  acid  decreases  with  increase 
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in  the  potential.  If  we  assume  the  dielectric  constant  of  alumina  on 
the  aluminum  surface  as  10,  it  can  be  calculated  from  the  above  data 
that  at  the  potential  of  oxygen  separation  the  thickness  of  the  oxide 
layer  is  approximately  70  A. 

With  stronger  and  more  prolonged  anodic  polarization  of  aluminum 
relatively  thick  oxide  films  can  grow  on  it,  with  a  thickness  of  mi¬ 
crons  and  hundreds  of  microns  which  finds  widespread  application  in 
practice  (the  so-called  anodizing  of  aluminum).  A  potential  difference 
of  some  ten  volts  is  applied  to  the  aluminum  electrode  during  anodizing. 
This  causes  an  increase  in  the  thickness  of  the  oxide  layer  because  a 
very  large  potential  gradient  is  created  in  the  surface  layer  which 
promotes  the  movement  of  ions  in  the  layer.  In  chemically  inactive 
electrolytes  of  the  type  of  bicyrbonates  or  borates  the  process  ceases 
when  relatively  thin  and  dense  layers  have  been  formed;  such  layers 
find  application  as  insulating  layers  in  electrolytic  capacitors  and 
rectifiers.  In  chemically  more  active  media,  for  example.  In  solutions 
of  sulfuric  or  oxalic  acid,  in  consequence  of  the  destruction  of  the 


Fig.  122.  Capacitance  of  aluminum  elec¬ 
trode  in  8  N  H2SO^  as  a  function  of  the 

electrode  potential.  A)  Volt  (n.v.e.). 


film  by  the  action  of  the  electrolyte,  the  process  of  anodic  oxidation 
of  aluminum  continues  longer.  This  gives  thicker,  porous  layers  which 
are  used  as  anticorrosion  protective  coverings,  usually  after  the  pores 
have  been  filled  with  suitable  fillers  [28].  Professor  N.P.  Sluginov  of 
Kazan'  University  was  the  first  to  propose  in  1877  to  use  the  oxide 
layers  obtained  by  anodic  polarization  for  the  anticorrosion  protection 
of  aluminum  [29]. 

|H.  ACTIVATION  OP  PASSIVATED  METALS  BY  CHLORINE  IONS 

The  disintegration  of  the  passivating  layer  and,  consequently,  the 
transition  of  the  metal  Into  the  active  state  is  greatly  facilitated  by 
the  presence  of  certain  anions,  for  example,  chlorine  Ions,  in  the  so¬ 
lution.  Thus,  chromium,  which  had  been  in  contact  with  atmospheric  air, 
placed  Into  a  solution  of  H2S01<,  remains  passive;  after  addition  of 
NaCl  to  the  solution  the  dissolution  of  the  chromium  begins  after  some 
time  with  simultaneous  evolution  of  hydrogen  [30]. 

The  activating  effect  of  chlorine  ions  is  also  observed  in  alka¬ 
line  solutions  and  can  therefore  not  be  explained  by  the  more  rapid 
dissolution  of  the  oxide  film  in  hydrochloric  acid  compared  with  its 
dissolution  in  sulfuric  acid. 

Typical  polarization  curves  are  obtained  during  the  anodic  polar¬ 
ization  of  metals  which  can  be  passivated  in  solutions  containing 
chlorine  ions,  which  shed  some  light  on  the  mechanism  of  this  phenome¬ 
non  [31].  Figure  123  gives  the  potential  of  an  iron  electrode  as  a 
function  of  the  quantity  of  electricity  passed  through  in  alkaline  so¬ 
lutions,  containing  chlorine  ions.  The  electrode  surface  was  previously 
subjected  to  different  treatments.  Curve  1  corresponds  to  the  case  of 
an  electrode  with  an  oxide  film,  formed  during  the  contact  of  the  iron 
with  air  at  room  temperature;  in  the  case  of  curve  2  the  electrode  was 


freed  of  the  oxide  film  before  polarization  by  heating  in  hydrogen  and 
was  passivated  only  after  some  anodic  polarization.  For  purposes  of 
comparison  curve  3  is  also  given  which  was  obtained  during  the  polari¬ 
zation  of  a  similarly  prepared  iron  electrode  in  a  caustic  solution 
which  did  not  contain  chlorine  ions.  It  can  be  seen  that  the  curves 
representing  the  potential  as  a  function  of  the  quantity  of  electricity 
passed  through  in  the  presence  of  chlorine  ions  have  initially  a  normal 
trend  which  can  be  expected  in  the  case  of  the  passive  (curve  1)  and 
initially  active  (curve  2),  respectively,  iron  electrodes.  However, 
when  a  sufficiently  high  positive  potential  is  attained  (points  A  and 
B)  in  the  presence  of  chlorine  ions,  a  disturbance  of  the  passive  state 


mKAunyutm/cM '  b 


Fig.  123*  Activating  effect  of  chlorine  ions  during  the  anodic  polari¬ 
zation  of  an  iron  electrode  in  caustic  solutions.  Curve  1:  polarization 
in  2  N  NaCl  +  0.2  N  NaOH  after  oxidation  in  air.  Curve  2:  polarization 
in  2  N  NaCl  +  0.05  N  NaOH  after  removal  of  the  oxide  film  by  reduction 
in  hydrogen.  Curve  3:  polarization  in  0.05  N  NaOH  after  removal  of  the 
oxide  film  (no  activation).  The  potential  was  measured  against  the 
standard  hydrogen  electrode,  a)  Volt;  b)  m3 llicoulombs/cm2 . 

is  observed  which  is  manifested  in  a  sudden  potential  shift  to  the  neg¬ 
ative  side.  After  this  the  potential  settles  down  at  a  certain  value  at 
which  the  dissolution  of  the  metal  can  continue  indefinitely.  The  dis¬ 
solution  does  not  take  place  uniformly  over  the  entire  anode  surface 
but  is  localised  at  certain  points,  in  which  pits  appear  (so-called 


Pig.  124.  Influence  of  chlorine  ions  on  the  adsorption  of  oxygen  during 
the  polarization  of  platinum:  1)  Charging  curve  in  5  N  ^SO^;  2)  in  5  N 

HgSOjj  ♦  0.02  N  HC1.  The  direction  of  the  potential  variation  is  indi¬ 
cated  by  arrows.  The  potential  was  measured  against  the  standard  hydro¬ 
gen  electrode.  A)  Volt. 

point  or  "pitting”  corrosion) .  Analogous  phenomena  are  observed  in 
presence  of  other  anions.  The  anions  can  be  arranged  In  the  order  of 
their  capacity  to  activate  passive  electrodes  in  the  following  sequence: 
Cl”  >  Br“  >  I”  >  P”  >  CiO]J  >  OH”  >  SOj”.  The  sequence  of  this  series 
can  be  slightly  modified  depending  on  conditions. 

Evans  et  al.  connect  the  activating  effect  of  anions  with  their 
ionic  radius  and  their  ability  to  penetrate  the  passive  layer.  The  lat¬ 
ter  is  regarded  in  this  case  as  a  membrane,  permeable  for  ions  with 
small  radius  and  impermeable  for  ions  with  large  radius.  This  notion, 
however,  does  not  stand  up  to  criticism.  For  example,  in  alkaline  solu¬ 
tion  the  activating  effect  of  anions  on  iron  takes  place  only  at  a 
fairly  high  positive  potential.  This  indicates  clearly  that  we  are 
dealing  here  with  a  surface  phenomenon  which  depends  on  the  potential 
difference  within  the  double  layer. 

Indeed,  it  can  be  shown  by  direct  experiment  that  in  presence  of 
chlorine  ions  the  adsorbed  oxygen  is  displaced  from  the  metal  surface. 
Figure  124  shows  the  oscillographically  recorded  anodic  and  cathodic 
charging  curves  of  a  platinum  electrode  in  5  N  H2S0ll  (1)  and  5  N 

♦  0.02  N  HC1  (2)  solutions.  An  oxygen  lag  is  clearly  apparent  in 
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the  upper  part  of  curve  1  during  cathodic  as  well  as  anodic  polariza¬ 
tion  which  is  completely  absent  in  curve  2.  In  other  words,  the  pres¬ 
ence  of  chlorine  ions  in  the  solution  prevents  the  adsorption  of  oxygen 
on  the  platinum  surface  [9].  At  a  certain  fairly  high  positive  poten¬ 
tial,  a  similar  adsorption  displacement  of  oxygen  by  chlorine  also 
takes  place  at  some  parts  of  the  iron  electrode,  in  consequence  of 
which  the  passivating  film  is  destroyed  at  these  points  and  activation 
of  the  iron  electrode  occurs. 

The  activating  effect  of  chlorine  ions  may  be  manifested  not  only 
during  anodic  polarization  but  also  in  presence  of  oxidants  which  shift 
the  potential  of  the  metal  to  the  positive  side.  At  certain  ratios  be¬ 
tween  the  concentrations  of  the  passivator  and  activator  in  the  solu¬ 
tion,  periodic  fluctuations  of  the  metal  potential  can  be  observed  in 
many  cases,  going  over  from  the  passive  state  to  the  active  and  vice 
versa.  According  to  V.A.  Kistyakovskly ,  the  explanation  of  these  peri¬ 
odic  phenomena  is  that  in  consequence  of  the  convective  mixing  of  elec¬ 
trolyte,  impoverished  and  enriched  in  oxidant,  a  periodic  change  of  the 
processes  which  result  in  the  formation  or  destruction  of  a  passivating 
film  takes  place  [5]. 

The  problem  concerning  the  conditions  of  the  appearance  and  sta¬ 
bility  of  passivating  layers  is  undoubtedly  one  of  the  most  important 
ones  in  electrochemistry,  however,  in  spite  of  the  considerable  accumu¬ 
lation  of  experimental  data,  It  has  not  yet  been  fully  resolved.  A  com¬ 
plete  theory  of  passivity  must  obviously  take  into  account  not  only  the 
kinetics  of  the  deposition  and  ionization  of  individual  oxygen  atoms 
but  also  the  laws  of  interaction  between  them,  the  probability  of  the 
destruction  of  the  passivating  layer  by  the  dissolution  of  the  metal 
under  It,  etc. 
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Conference  on  Physicochemical  Problems]  (1928). 

31.  L.V.  Vanyukova  and  B.N.  Kabanov,  DAN  SSSR,  59,  917  (19^8). 

32.  V.V.  Losev,  Dissertatsiya,  Institut  fizicheskoy  khimii  AN 
SSSR  [Doctoral  Theses,  Institute  of  Phys.  Chem.  of  the  Acad. 
Sci.  USSR],  (1951). 
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1.  "Trudy  vtoroy  konferentsii  po  korrozii  metallov,"  izd.  AN 
SSSR,  1  (19^0),  2  (19^3). 

2.  V. A .  Kistyakovskiy ,  Elektrokhimicheskiye  reaktsii  i  elektrod- 
nyye  potentsialy  nekotorykh  metallov  [Electrochemical  Reac¬ 
tions  and  Electrode  Potentials  of  Some  Metals]  (1910). 

3.  G.V.  Akimov,  Teoriya  i  metody  issledovaniya  korrozii  metallov, 
izd.  AN  SSSR  (19^5). 

Jj.  V.I.  Arkharov,  Okisleniye  metallov  [Oxidation  of  Metals], 

Metallurgizdat  (19^5). 

5.  K.  Hauffe,  Zur  Theorie  der  Oxydation  von  Metallen  und  Metall- 
Legierungen  [On  the  Theory  of  the  Oxidation  of  Metals  and 
Metal  Alloys],  Werkstoffe  und  Korrosion  [Materials  and  Corro¬ 
sion],  2,  131,  221,  2^3  (1951). 

6.  R.  Evans,  Korroziya,  pasivnost’  i  zashchita  metallov,  transl. 
from  the  lst_  ed.,  ed.  by  G.V.  Akimov,  Gos .  izd-vo  chermoy  i 
tsvetnoy  metallurgii,  Moscow  (19^1);  2nd  ed.,  London  (19^6). 
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[Footnotes] 


An  argument  In  favor  of  the  correctness  of  the  hypothesis 
that  the  passivation  of  Iron  is  already  achieved  by  a  mono- 
layer  of  adsorbed  oxygen  is  the  determination  of  the  quantity 
of  electricity  required  for  the  activation  of  iron,  passivat¬ 
ed  in  nitric  acid.  As  Bonhoeffer  and  co-workers  [11]  found, 
a  very  small  quantity  of  electricity  is  sufficient  in  this 
case  for  activation,  equal  to  0.2-0.5*10-3  coulombs/cm?  which 
corresponds  to  the  removal  of  only  part  of  the  monolayer  of 
iron  oxide.  Bonhoeffer  assumed,  however,  that  this  quantity 
of  electricity  during  activation  is  consumed  for  the  removal 
of  the  oxide  film  from  part  of  the  surface  only,  while  the 
remainder  of  the  surface  is  reduced  by  the  simultaneous  self- 
dissolution  of  the  metal  at  the  active  parts. 

It  must  be  pointed  out  that  some  authors  interpret  the  term 
"mechanical''  passivation  somewhat  differently. 

The  term  "capacitance"  is  used  here  not  in  the  sense  in  which 
we  have  often  used  it  in  the  preceding  chapter  (i.e.,  the 
capacitance  of  the  double  layer,  analogous  to  the  capacitance 
of  a  capacitor)  but  in  the  sense  in  which  it  is  used  in  the 
literature  on  chemical  current  sources.  In  other  words,  ca¬ 
pacitance  here  means  the  quantity  of  electricity  which  is 
given  off  by  the  electrode  upon  discharge.  The  term  "capaci¬ 
tance"  in  this  sense  can  also  be  replaced  by  the  expression 
"yield  of  the  electrochemical  process." 
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Chapter  8 

KINETICS  OP  THE  DISSOLUTION  OF  METALS 
il.  CHEMICAL  AND  ELL  .10CHEMICAL  MECHANISM  OF  THE  DISSOLUTION  OF  METALS 

The  process  of  the  spontaneous  dissolution  of  metals  in  electro¬ 
lyte  solutions  is  one  of  the  fundamental  causes  of  corrosion  (chemical 
destruction)  of  metals. 

In  view  of  its  enormous  practical  and  economic  importance,  the 
problem  of  metal  corrosion  has  long  ago  engaged  the  attention  of  many 
researchers.  Several  important  observations  in  this  field  have  already 
been  made  by  M.V.  Lomonosov.  A  comprehensive  literature  is  extant  which 
includes  theoretical  as  well  as  numerous  practical  problems  on  metal 
corrosion  and  methods  of  protection  against  it  In  this  book  we  cannot 
dwell  in  greater  detail  on  the  existing  rich  experimental  material 
which  can  be  found  in  special  courses  on  metal  corrosion  (see  the  gen¬ 
eral  reference  list  in  this  chapter)  and  we  shall  merely  touch  upon 
some  fundamental,  principal  aspects  of  the  theory  of  the  dissolution  of 
me  t  a  x  s . 

The  process  of  the  dissolution  of  metals  in  electrolyte  solutions 
(in  contrast  to  the  processes  of  dissolution  in  water  of  substances 
such  as  sugar  or  salt)  is  accompanied  by  chemical  changes:  the  metal 
goes  into  solution  with  the  formation  of  ions  or  not  very  highly  disso¬ 
ciated  metal  compounds;  at  the  same  time  gaseous  hydrogen  is  evolved  or 
substances  present  in  the  solution  are  reduced.  Thus,  for  example,  the 
dissolution  of  zinc  in  sulfuric  acid  involves  the  formation  of  a  solu¬ 
tion  of  zinc  sulfate  and  hydrogen  separation;  when  copper  is  dissolved 
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in  concentrated  nitric  acid,  copper  nitrate  and  products  of  the  reduc¬ 
tion  of  nitric  acid,  nitrogen  oxides,  are  formed. 

In  contrast  to  the  processes  of  the  anodic  dissolution  of  metals 
under  the  Influence  of  an  external  electric  current  (in  electrolytic 
cells  or  in  chemical  current  sources),  the  dissolution  of  metals  taking 
place  during  simple  contact  of  a  metal  with  a  solution  are  often  termed 
self-dissolution  of  metals. 

The  reaction  of  interaction  of  a  metal  with  other  substances  can 
take  place  according  to  two  mechanisms: 

a)  in  the  form  of  a  chemical  reaction  without  participation  of 
free  electrons, 

b)  in  the  form  of  an  electrochemical  reaction. 

Thus,  the  reaction  of  sodium  with  gaseous  hydrogen  chloride  takes 
place  in  one  stage  in  accordance  with  the  equation 

N«  4-  HCI  NaCI  +  H. 

•  The  separation  of  the  over-all  process  into  independent  separate 
stages,  involving,  for  example,  a  preliminary  splitting  off  of  an  elec¬ 
tron  from  the  sodium  atom  (Na  ■*  Na+  +  e),  transition  of  the  electron  to 
a  HCI  molecule  (HCI  +  e  •+  H  +  Cl”)  and  subsequent  reaction  of  the  Na+ 
and  Cl”  ions  with  formation  of  a  molecule  of  NaCI  would  be  energetical¬ 
ly  too  disadvantageous  in  this  case  because  of  the  necessity  of  the 
creation  of  free  Ions  in  the  gas  phase.  Hence  this  is  a  purely  chemical 
reaction  which  does  not  involve  electrochemical  reactions  with  partici¬ 
pation  of  electrons. 

In  an  aqueous  solution  of  hydrochloric  acid  the  same  reaction  pro¬ 
ceeds  via  an  electrochemical  mechanism:  the  sodium  goes  into  solution 
in  the  form  of  ions,  leaving  the  corresponding  number  of  free  electrons 
in  the  metal;  In  addition  to  this  anodic  reaction,  the  cathodic  reduc¬ 
tion  of  hydrogen  ions  takes  place  with  the  participation  of  the  free 


electrons . 


One  of  the  principal  differences  between  these  two  mechanisms  con¬ 
sists  in  the  fact  that  in  the  electrochemical  mechanism  the  over-all 
process  consists  of  two  or  several  parallel  stages  taking  place  simul¬ 
taneously  and  at  the  same  rates  (i.e.,  with  participation  of  the  same 
number  of  electrons),  which  are  otherwise  independent  of  each  other. 
Such  parallel  electrochemical  reactions  are  commonly  termed  conjugated. 
The  mutual  independence  of  the  conjugated  reactions  is  expressed  in  the 
fact  that,  as  will  be  evident  from  the  following,  the  course  of  one  of 
these  reactions  can  be  influenced  without  affecting  the  basic  kinetic 
laws  of  the  other.  By  variation  of  the  composition  of  the  solution  and 
other  experimental  conditions  it  is  possible,  for  example,  to  replace 
the  reaction  of  reduction  of  hydrogen  ions  by  a  reaction  of  reduction 
of  other  substances  without  changing  thereby  the  nature  of  the  anodic 
process  of  the  ionization  of  the  metal.  The  quantitative  relationships 
observed  in  this  case  will  be  defined  more  precisely  in  the  following 
description. 

If  the  surface  of  the  dissolving  metal  is  heterogeneous  (for  exam¬ 
ple,  in  presence  of  inclusion  of  other  metals  or  intermetallic  com¬ 
pounds  in  the  metal),  a  spatial  separation  of  the  conjugated  cathodic 
and  anodic  processes  can  take  place  in  the  electrochemical  mechanism  of 
dissolution  of  the  metals  in  consequence  of  this  independence  of  the 
individual  stages.  In  this  case  the  process  of  the  anodic  dissolution 
of  the  pure  metal  takes  place  predominantly  on  some  parts  (for  example, 
on  the  surface  of  the  pure  metal);  the  remaining  electrons  travel 
through  the  metal  to  the  places  on  which  the  cathodic  reactions  predom¬ 
inate  (for  example,  on  the  exposed  areas  of  foreign  inclusions).  This 
pattern  is  reminiscent  of  the  function  of  a  galvanic  element  in  which 
the  negative  electrode  (for  example,  zinc)  dissolves  when  it  is  con- 
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nected  by  a  conductor  with  a  second  electrode  and  the  hydrogen  ions  or- 
other  substances  are  reduced  on  the  latter.  In  the  galvanic  element  the 
basic  cathodic  and  anodic  processes  are  spatially  completely  separated. 

In  contrast  to  this  pattern,  the  transition  of  the  metal  into  the 
solution  and  the  separation  of  hydrogen  during  the  dissolution  of  a 
metal  according  to  a  chemical  mechanism  take  place  in  a  single  act  on 
the  same  area  of  the  surface. 

When  we  consider  different  reactions  it  is  often  difficult  to  say 
beforehand  whether  they  proceed  by  a  chemical  or  an  electrochemical 
mechanism.  A  purely  chemical  dissolution  mechanism  is  obviously  ob- 
served  during  the  reaction  of  metals  with  certain  nenaqueous  solu¬ 
tions,  for  example,  with  a  solution  of  hydrogen  chloride  in  benzene  or 
with  an  iodine  solution  in  dry  chloroform.*  When  metals  are  dissolved 
in  aqueous  solutions  of  electrolytes,  an  electrochemical  mechanism  of 
dissolution  with  participation  of  free  electrons  takes  place  in  most 
cases.  True,  even  in  these  cases  the  possibility  cannot  be  excluded 
that  in  addition  to  the  electrochemical  reactions,  purely  chemical  in¬ 
teraction  of  the  metal  with  the  electrolyte  takes  place  to  some  extent, 
but  the  importance  of  the  latter  is  subordinate,  and  in  all  practical¬ 
ly  important  cases  of  the  dissolution  of  metals  in  aqueous  solutions  we 
can  limit  consideration  to  electrochemical  mechanism.  N.  Kayander  who 
carried  out  a  systematic  study  of  the  rate  of  dissolution  of  metals  in 
different  electrolytes  [1]  arrived  at  this  conclusion  concerning  the 
electrochemical  mechanism  of  dissolution  in  i860. 

The  basic  problems  of  the  theory  of  the  electrochemical  dissolu¬ 
tion  of  metals  concern  the  interrelations  between  the  anodic  and  cath¬ 
odic  processes  which  take  place  on  the  metal  surface. 

As  far  back  as  1830,  De  la  Rive  [33  found  that  the  process  of  met¬ 
al  dissolution  depends  on  the  presence  of  inclusions  or  other  surface 
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heterogeneities  which  together  with  the  clean  metal  surface  form  a 
•large  number  of  short-circuited  galvanic  elements  of  microscopic  dimen- 
!  !  ,  the  so-called  local  elements  or  microelements.  The  dissolution 

of  the  base  metal  takes  place  as  a  result  of  the  operation  of  the  local 
elements.  In  these  elements  the  anodic  process  takes  place  on  the  clean 
metal  surface,  and  the  cathodic  process  on  the  inclusions.  The  laws  of 
the  distribution  of  the  cathodic  and  anodic  processes  in  other  cases 
may  of  course  differ  considerably  from  the  simplest  example  discussed 
here . 

The  first  quantitative  formulation  of  the  theory  of  local  elements 
was  given  by  N.P.  Sluginov  who  connected  the  rate  of  disintegration  of 
the  metal  with  the  electromotive  force  and  the  resistance  of  the  local 
elements  [*4];  an  analogous  relationship  was  proposed  much  later  by  Pal- 
maer  f5l. 

The  theory  of  the  local  elements  was  subsequently  widely  devel¬ 
oped;  a  particularly  valuable  contribution  was  made  to  it  by  the  Soviet 
researchers  G.V.  Akimov  and  co-workers  [6]. 

As  will  be  evident  from  the  following,  the  presence  of  short-cir¬ 
cuited  microelements,  i.e.,  the  spatial  separation  of  the  cathodic  and 
anodic  reaction,  whose  possibility  follows  from  the  electrochemical 
nature  of  the  over-all  corrosion  process,  causes  a  marked  accelerate 
of  the  latter  in  many  practically  important  cases.  Hence,  the  incorrect 
conclusion  is  often  arrived  at  in  classical  corrosion  theory  that  a 
metal  with  a  completely  pure  and  homogeneous  surface  Is  chemically  com¬ 
pletely  stable.  Actually,  however,  the  surface  homogeneity  of  a  meta¬ 
ls  not  an  Impediment  to  tie  simultaneous  occurrence  of  anodic  and  cath¬ 
odic  processes  on  it  so  that  even  a  chemically  pure  and  homogeneous 
(for  example,  liquid)  metal  can  dissolve  in  an  electrolyte  solution. 

Tf  the  physical  and  chemical  properties  are  the  same  at  all  points  of 
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the  surface,  cathodic  ard  anodic  processes  can  take  place  with  the 
same  probability  at  any  point  and  cathodic  and  anodic  areas  cannot  be 
distinguished.  The  possibility  of  the  dissolution  of  pure  metals  leads 
to  the  conclusion  that  even  on  a  heterogeneous  (nonuniforn)  surface  a 
complete  differentiation  o'  the  cathodic  and  anodic  processes  does  not 
take  place;  the  operation  of  the  local  elements  on  such  a  surface  and 
the  metal  dissolution  connected  with  it  are  superposed  on  the  dissolu¬ 
tion  taking  place  as  a  result  of  a  conjugation  of  the  reactions  within 
the  limits  of  each  of  the  homogeneous  surface  areas.  Depending  on  the 
degree  of  heterogeneity  of  the  surface  in  different  cases  the  degree 
of  differentiation  of  the  cathodic  and  anodic  processes  may  differ. 

In  addition  to  the  problem  of  the  interconnection  of  the  cathodic 
and  anodic  processes  in  the  study  of  metal  dissolution,  problems  often 
arise  connected  with  the  accumulation  of  the  corrosion  products.  If  the 
corrosion  products  are  highly  soluble  (for  example,  in  the  dissolution 
of  iron  in  hydrochloric  acid),  they  are  removed  from  the  reaction  zone 
via  diffusion  and  convection;  in  such  cases  the  surface  concentration 
of  these  substances  can  be  calculated  by  means  of  the  equations  of  dif¬ 
fusion  kinetics  ^ see  Chapter  1).  However,  the  corrosion  products  are 
very  frequently  insoluble  and  are  deposited  on  the  metal  in  the  form  of 
a  film  with  varying  density.  The  formation  and  growth  of  such  films  on 
mejal  surfaces  and  also  of  adsorbed  passivating  layers  naturally  af¬ 
fects  the  dissolution  reaction  strongly  and  may  lead  to  a  slowing  down 
o^  almost  complete  cessation  of  the  latter.  Thus  the  passivity  phenom¬ 
ena,  considered  in  Chapter*  7,  are  of  greac  importance  for  the  course  of 
corrosion  processes  which  has  been  particularly  strongly  emphasized  in 
<-he  wcik  of  V.a.  Kistyakovskiy . 

In  the  present  chapter  we  shall  consider  the  fundamental  laws  of 
metal  dissolution  first  by  using  the  example  of  metals  with  a  homogene- 


our  surface;  later  on,  in  §7,  we  shall  discuss  the  peculiarities  ob¬ 
served  during  the  dissolution  of  etals  with  heterogeneous  surface.  In 
« x.  mination  of  these  questions  we  shall  give  attention  mainly  to 
he  canes  of  metal  dissolution  in  acid  solutions  in  which  the  reaction 
products  are  frequently  highly  soluble.  In  our  exposition  we  shall  con- 
ider  only  the  simplest  system  and,  in  particular,  we  cannot  touch  upon 
the  practically  Important  case  of  corrosion  at  the  three-phase  bounda¬ 
ry,  which  has  been  studied  by  V.A.  Kistyakovskiy  and  co-workers  [?]. 

$2  CONJUGATED  ELECTROCHEMICAL  REACTIONS  AND  STATIONARY  ELECTRODE  PO¬ 
TENTIALS 

In  the  discussion  of  the  laws  of  the  reactions  of  hydrogen  separa¬ 
tion  we  have  pointed  out  that  on  a  platinized  electrode,  immersed  in 
an  electrolyte  solution,  saturated  with  hydrogen,  two  electrode  reac¬ 
tions  can  take  place  simultaneously:  the  reaction  of  hydrogen  ion  dis¬ 
charge  Hf  +  e  -♦  1/2  H  ,  and  the  reverse  reaction  of  ionization  of  the 
hydrogen  1/2  H+  +  e;  the  rates  of  these  two  reactions  (in  electri¬ 

cal  units)  we  have  designated  by  i  for  the  discharge  reaction  and  by  t 
for  the  ionization  reaction. 

In  the  equilibrium  state,  when  the  electrode  Is  not  polarized,  ti 
discharge  and  ionization  reactions  are  mutually  compensating  and  their 
rate  is  equal  to  i  =  i  =  (i°  =  equilibrium  exchange  current).  Whe; 

current  passes  through  the  electrode,  the  enuilibrium  is  upset  and  thc 
equality  of  the  rates  of  the  straight  and  reverse  reaction  Is  also  up¬ 
set.  The  rates  of  these  reactions  depend  on  the  electrode  potential, 
the  hydrogen  ion  concentration,  the  pressure  of  the  molecular  hydrogen 
and  other  factors.  This  connection  Is  expressed  by  the  kinetic  equa¬ 
tions  of  the  given  electrocherical  reaction.  The  form  of  the  equations 
and  the  numerical  values  of  the  constants  in  them  depend  on  the  nature 


of  the  electrode  reaction  and  the  nature  of  the  electrode. 

It  has  been  shown  in  Chapter  3  that  for  a  number  of  electrodes  the 
reaction  of  hydrogen  separation  obeys  the  kinetic  equation* 

(27’> 

while  the  equation 

T  =  *'Ph,*  chT-  (272) 

applies  to  the  reverse  rt action  of  hydrogen  ionization. 

In  the  theoretical  exanination  of  the  reaction  of  hydrogen  separa¬ 
tion  we  made  the  assumption  that  the  kinetic  laws  of  each  of  these  re¬ 
actions  can  be  considered  independently  of  the  course  of  the  other 
reactions;  in  other  words,  it  was  assumed  that  the  simultaneous  occur¬ 
rence  of  another  reaction  does  not  affect  the  rate  of  an  electrochemi¬ 
cal  reaction*  As  pointed  out  previously  (Chapter  3),  the  correctness  of 
this  hypothesis  can  be  demonstrated  experimentally,  for  example,  by  de¬ 
termining  the  exchange  current  at  the  equilibrium  potential. 

Tne  sole  requirement  for  the  kinetic  equations  for  the  direct  and 
reverse  reactions  is  that  at  the  equilibrium  potential  and  at  any  con¬ 
centration  of  the  components  the  rates  of  the  two  reactions  should  be 
equal.  If  we  substitute  in  Eqs.  (271)  and  (272)  instead  of  the  variable 
the  equilibrium  potential  in  this  system  the  right  parts  of  these 
equations  should  assume  the  same  value. 

The  last  conditions  can  also  be  formulated  thus:  if  the  kinetic 
equation  of  the  direct  and  reverse  reactions  is  known  and  if  the  equi¬ 
librium  potential  is  unknown,  the  latter  value  can  be  found  as  the  so¬ 
lution  of  the  equation  which  expresses  the  condition  of  the  electro¬ 
chemical  equilibrium:  t  *  t' 

As  has  beer,  shown  in  Chapter  3,  the  solution  of  this  equation 
really  gives  the  expression  for  the  equilibrium  potential,  well  known 


in  thermodynamics. 

The  above  described  picture  is  applicable  to  any  electrode,  on  the 
surface  of  which  only  one  pair  of  electrochemical  reactions  takes  place 
(i.e.,  the  direct  and  reverse  reaction),  as,  for  example,  for  a  zinc 
electrode  immersed  in  zinc  sulfate  solution  (reactions  of  discharge  and 
ionization  of  zinc),  for  a  platinum  electrode,  immersed  in  a  mixture 
of  salts  of  divalent  and  trivalent  iron  (reactions  of  oxidation  of  Fe++ 
and  reduction  of  Fe+++)  .  However,  cases  are  often  encountered  in  which 
a  greater  number  of  reactions  takes  place  on  the  electrode  simultane- 
usly  We  find  such  phenomena,  for  example,  in  the  processes  of  metal 
•so  utlor  in  <  lectrolyte  solutions. 

Let  us  visualize  a  metal  electrode,  immersed  in  an  acid  solution 
i  h  is  saturated  with  hydrogen.  Two  pairs  of  electrochemical  reac¬ 
tions  can  take  place  on  the  surface  of  this  electrode  (with  participa¬ 
tion  of  hydrogen  j.nd  metal) 

H*  4  c  -*■  'It  H„  <  reaction  rate 
‘/.H,-*  HMc  »  »  <i 

Men*  -j~  nc  — »  Me  »  *  /, 

Mc->Men’  -M<?  »  » 

The  rates  of  t1  ese  reactions  depend  on  the  electrode  potential  and 
i.n  Ue  concentrations  of  the  reaction  components.  Some  of  these  reac¬ 
tions  can  take  placr  at  a  rate  which  is  Immeasurably  smaller  than  th 
rate  of  the  others;  if,  for  example,  the  concentration  of  the  metal 
Ions  in  the  solution  at  the  initial  moment  is  zero,  the  rate  of  the 
mlscharge  reaction  of  these  Ions  must  naturally  also  be  zero. 

Many  metals  when  placed  in  an  acid,  dissolve  with  formation  of  the 
orrespondi ng  sails  and  gaseous  hydrogen.  This  means  that  t  ne  rate  of 
the  reactions  of  the  ionization  of  metal  and  of  the  hydrogen  ion  dis¬ 
charge  exceeds  the  rate  of  the  corresponding  reverse  reactions  in  the 
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absence  of  an  external  current.  The  effective  rate  of  dissolution  of 
the  metal  can  be  expressed  as  the  difference  between  the  current  densi¬ 
ty  of  the  ionization  and  discharge  reaction  of  the  metal  ions  *  X?  - 
t 2  while  the  rate  of  hydrogen  separation  is  expressed  as  ^he  differ- 
t.noe  between  the  densities  of  the  discharge  and  ionization  current  of 
the  hydrogen  i ^  =  i  —  X^ . 

If  the  electrode  is  not  inserted  in  an  electrical  circuit  and  an 
external  current  does  not  pass  through  it,  the  separation  of  hydrogen 
and  the  dissolution  of  the  metal  takes  place  in  equivalent  quantities, 
i.e.,  the  rates  of  the  two  processes  and  i ^  are  equal 

(273) 

is  the  rate  of  self-dissolution  of  the  metal)  or,  if  we  substitute 
rates  of  the  individual  electrochemical  reactions,  X^  -  X ?  X^  - 

—  i0,  and,  consequently, 

+  l  (2714) 

The  sum  of  the  rates  of  all  cathodic  reactions  is  equal  to  the 
sum  of  the  rates  of  all  anodic  reactions;  the  number  of  electrons  freed 
In  the  course  of  one  reaction  is  equal  to  the  number  of  electrons  which 
enter  into  the  second  reaction.  An  accumulation  of  electric  charges  on 
the  electrode  surface  does  not  take  place,  and  the  electrical  state  of 
the  system  does  not  vary  with  time,  i.e.,  it  is  stationary.  Eq .  (273) 
expresses  the  slat  .»  y  conditions. 

In  contrast  to  the  above-considered  example  of  the  platinized  hy¬ 
drogen  electrode,  the  absence  of  an  external  electric  current  in  the 
last  case  cannot  by  any  means  serve  as  an  indication  of  equilibrium. 
Although  a  balance  of  the  electric  charges  is  observed  on  the  electrode 
surface,  the  quantity  of  metal  decreases  continuously,  and  gaseous  hy- 
drogen  accumulates  continuously,  i.e.,  the  chemical  composition  of  the 
system  is  gradually  altered. 
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The  rate  of  these  chemical  Chang#*  (i.e.,  the  rate  of  the  self- 
dissolution  of  the  metal'  can  be  calculated  if  the  kinetic  laws  of  the 
individual  electrochemical  reactions  taking  place  at  the  electrode  sur¬ 
face  are  known.  In  addition  to  the  concentrations  of  the  components  we 
must  also  know  the  electrode  potential  in  order  to  calculate  these 
quantities . 

On  a  metal  electrode  which  is  immersed  in  ar  acid  solution,  a  cer¬ 
tain  stationary  potential  is  established  which  diflers  from  the  equi¬ 
librium  potential  of  this  metal  and  from  the  equilibrium  potential  of 
the  hydrogen  electrode .  1  the  sane  way  as  the  equilibrium  potential  of 
the  hydrogen  elect rodt  cat,  l-e  ue  '  \  from  the  condition  of  equality  of 
the  rates  of  hydrogen  discharge  and  ior^  zattcr.,  the  stationary  poten¬ 
tial  of  the  metal  electrode  in  th  acid  solution  c°n  be  determined,  at 
least  in  principle,  by  means  of  Eq .  (27*0  which  expresses  the  condi¬ 
tions  of  compensation  of  the  four  electrochemical  processes.  To  this 
end  we  must  substitute  into  Eq .  (27*0  the  expression  for  the  rates  of 
the  individual  reactions  as  a  function  of  potential  and  concentration 
and  solve  the  equation  thus  obtained  for  the  potential.  If  it  is  as¬ 
sumed  that  the  kinetic  laws  of  the  discharge  ar.d  ionization  reactions 
of  the  metal  have  the  same  forn  as  for  the  reaction  in  which  the  hydro¬ 


gen  participates,  Eq .  (27*0  will  assume  the  form: 

•l F*  f  i  Ft  >tff 

=  »T  +kie  liT 


(275) 


Knowing  the  stationary  electrode  potential,  we  can  easily  find  the 


rate  of  self-dissolution  i  of  the  metal  1 : "  electrode  in  the  acid  solu- 

e 

ticn. 


f,  Jr,  (H-)  c  ~  -  k\p\[\  c  ,ir  O  <•  "r  -  k ,  ,"*t  .  (276) 


The  concern*  rations  entering  into  these  equations  can  be  predeter¬ 


mined  or  determined  from  the  diffusion  conditions  in  the  system  under 
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consideration . 


Equation-  (2 8b)  in  this  form,  however,  is  not  used  as  a  rule  for 
th(  calculation  of  the  stationary  potential.  As  will  be  evident  from 
the  following,  the  rate  of  certain  electrochemical  reactions  is  in  many 
cases  much  less  than  the  rate  of  other,  simultaneously  occurring  reac¬ 
tions.  In  these  cases  we  can  neglect  in  Eq .  (275)  the  terms  correspond¬ 
ing  to  the  slower  reactions,  in  consequence  of  which  the  solution  of 
the  equation  is  simplified.  A  particularly  simple  solution  is  obtained 
In  the  case  when  only  two  terms  remain  in  Eq.  (275),  i.e.,  when  the 
rates  of  all  reactions  with  the  exception  of  one  cathodic  and  one  anod¬ 
ic  reaction  can  be  neglected. 

The  stationary  potential  and  the  rate  of  self-dissolution  of  the 
al  can  be  readily  found  by  a  graphic  method.  In  Chapter  3  (Pig.  68) 
we  have  already  become  acquainted  with  the  method  of  graphic  represen¬ 
tation  of  the  rate  of  a  direct  and  reverse  electrochemical  reaction  as 
a  function  of  the  electrode  potential.  Figure  125  gives  on  a  semiloga- 
rithmic  scale  the  same  relationship  between  the  reaction  rates  and  the 
electrode  potential  but  now  for  an  electrochemical  reaction  in  which 
the  hydrogen  as  well  as  the  metal  participate.  In  the  case  here  pre¬ 
sented  the  curves  for  the  reactions  In  which  the  metal  participates  are 
shifted  far  into  the  region  of  negative  potentials  compared  with  the 
curves  relating  to  the  separation  and  ionization  of  hydrogen.  The  thick 
lines  give  the  curves  of  the  effective  rate  of  hydrogen  separation 
and  the  dissolution  of  the  metal  (igj  as  a  function  of  the  electrode 
potential.  In  the  absence  of  a  current  these  two  rates  are  identical, 

i.e.,  the  electrode  assumes  the  stationary  potential.  q>  corresponding 

6 

to  the  point  of  intersection  of  the  curves  i 3  and  ig.  The  rate  of  the 
self-dissolution  i  of  the  metal  is  defined  by  the  abscissa  of  this 

o 


point . 


As  wll!1  be  obvious  frotn  ?  ho  fo'1  sections,  the  conclusions 

from  the  above-giver  t  h'  on  of  t!  o  t  lor trochenicnl  dissolution  of  pet¬ 
als  is  in  pood  agreement  with  ♦■he  experimental  data.  This  fact  con¬ 
firms  the  correctness  ol  the  above  a: sunj  tion  concerning  the  independ- 


Fig.  115.  Rates  of  the  reactions  cf  discharge  and  ionisation  of  hydro- 
pen  (i.  and  i7)  and  the  ne  al  (  0  and  i„'(  and  also  the  over-all  rate  of 

hydrogen  scparacion  i  7  and  the  dissolution  of  the  mtal  ir  as  a  func- 

i  6 


tion  of  potential, 
rretal  and  hydropen 


aim  t  are  the  eoui librium  potentials  for  the 
in  the  riven  solution;  is  the  stationary  poten- 

v> 


tlal  of  *  lie  dissolving  metal  ar.  1  l  is  the  self-dissolution  current. 


once  of  the  course  of  separate  electrochemical  reactions.  These  con¬ 
cepts  remain  val  i  I  ever’  ir  the  ca  e  of  metals  with  heterogeneous  sur¬ 
face  (this  discussld  In  greater  detail  in  §7). 

The  concerts  of  the  course  of  conjugated  electrochemical  reactions 
on  the  surface  of  a  homogeneous  metal  were  used  first  in  the  interpre¬ 
tation  of  the  kinetics  of  the  decomposite or  of  alkali  metal  amalgams  by 
A .  V .  Frunkin  in  1^2  [7]. 

The  theory  of  the  conjugated  el  ci v,ochemica  1  reactions  was  further 
developed  in  the  work  of  Wagner  and  raud  [81. 

The  same  assumptions  are  used  In  works  on  kinetics  of  metal  disso- 
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ution  of  a  number  of  Soviet  researchers:  Ya.V.  Durdin  [9],  A. I.  Shul- 
tin  [10],  Ya.M.  Kolotyrkin  [11,  12],  and  others. 

§3-  DECOMPOSITION  OF  AMALGAMS 

An  important  branch  of  electrochemical  industry  is  the  production 
of  chemically  pure  alkalis  by  electrulysis ,  based  on  the  formation  and 
subsequent  decomposition  of  the  amalgams  of  alkali  metals.  For  this 
reason  the  elucidation  of  the  reaction  mechanism  of  amalgam  decomposi¬ 
tion  is  not  only  of  theoretical  but  also  practical  interest. 

It  has  been  found  in  several  works  that  the  rate  of  decomposition 
of  sodium  amalgam  by  aqueous  buffer  solutions  in  the  absence  of  atmos¬ 
pheric  oxygen  is  proportional  to  the  square  root  of  the  sodium  concen¬ 
tration  In  the  amalgam  [13].  This  dependence  of  the  reaction  rate  on 
the  concentration  oi  the  reacting  substances  is  fairly  rarely  encoun¬ 
tered.  On  the  basis  of  the  usual  laws  of  chemical  kinetics  one  would 
have  assumed  that  an  amalgam  decomposes  at  a  rate  proportional  to  its 
concentration,  i.e.,  in  accordance  with  a  monomolecular  law.  On  the  ba¬ 
sis  of  the  ideas  on  the  electrochemical  mechanism  of  solution,  however, 
this  unusual  relationship  is  easily  interpreted  and,  as  will  be  clear 
from  the  following,  the  reaction  rate  can  be  calculated  theoretically. 

The  following  electrochemical  reactions  are  possible  on  the  aina  - 
gam  surface: 

+  rate 

»  Tk 

Na’  +  e  — *Na  »  T, 

Na-*NV  +  e  » 

In  this  case  the  examination  of  the  mechanism  is  simplified  by  the 
circumstance  that  the  reverse  reaction  of  the  ionization  of  hydrogen 
can  be  neglected,  because  sodium  amalgam  has  a  strongly  negative  poten- 
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r,  (Z77) 

By  r ubst i f  ut  i  nr  r  '  rq .  ’  7n'  rhe  expre  s.s!  for  the  dependence 
of  the  rate  of  each  r.44  v<  1  u n  1  I’cchadril  reaction  on  thf  elec¬ 

trode  potential  and  on  t  o  ■  .  r  oritior  of  the  solution  and  solving  this 
equation  for  the  pot  ntisl,  on<  can  find  tne  stationary  potential  of 
the  amalgam  »  (eel  r  !•  and  tv,  o  '  :l  1  i  <tc  of  decomposition  of 


sodium  am ->  1  m-  . 

In  this  c t  •  ,  ,  r  te  of  the  self- .isrolution  of  the 

r  tal  can  b  f  im  tv  n  i/r.pler  method.  As  experiment  shows,  when 

an  electrical  c.,  . n‘  f  r  tier  te  Intensity  from  an  outside  source  is 
passed  through  i  a Lf  -  •  ,  immersed  in  a  solution  which  con¬ 

tains  Na4  ions,  the  potential  f  tfei*  electrode  remains  almost  un¬ 
changed.  Tills  moe  '.a  t  .at  the  sodium  i  .  .  and  i  >nl*at?ioft  currents 

separately  am  v*  'ary.  1  4  i ve  vrrln-t  *  during  passage 

of  ar.  external  '  •  ’-  4  '  1-  •-  riot  affect  the  state 

of  the  electrode  Th*  the  '■'as*3  when  the  amalgam  electrode  is 

not  polarized  r  4  m  :  j-  renf  source  but  if  hydrogen  is  evolved 
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on  It.  Because  the  hydrogen  overvoltage  on  the  amalgam  (as  on  pure  mer- 
ir: )  Is  large,  the  rate  of  hydrogen  separation  is  relatively  small 
veil  at  strongly  negative  potentials  of  the  amalgam  electrode.  Hence 
the  left  part  of  Eq .  (2 77)  is  small  compared  with  the  terms  of  the 
right  part  each  of  which  ately  is  very  large.  Thus  the  simultane¬ 
ous  reaction  of  hydrogen  sopr.ra  n  varie?  oaetion  rate  of  the  so¬ 

dium  exchange  relatively  little  and  the  equilibrium  between  the  sodium 
amalgam  and  the  sodium  ion  is  hardly  affected.  For  this  reason  one  can 
assume  with  a  sufficient  degree  of  approximation  that  the  potential  of 
the  dissolving  amalgam  electrode  is  the  same  as  the  equilibrium  poten- 
amalgam  electrode  in  a  solution  of  sodium  ions  of  the  same 
<■  no  era  ration. 

This  assumption  of  the  approximate  equality  of  the  stationary  and 
qu-'  librium  potential  is  Justified  in  all  cases  in  which  the  exchange 
between  mete  and  ions  is  large  and  the  rate  of  hydrogen  ion 
a  charge  ip  small  as  is  the  case,  in  particular,  in  the  case  of  the 
iecompcsiti on  of  sodium  amalgam. * 

Let  us  find  tne  •xpresalon  for  the  rate  of  dissolution  of  sodium 
amalgam  In  acid  buffer  solutions,  containing  a  considerable  quantity  ;f 
.3  dlum  Ions  (for  example  in  solutions  of  sodium  ions  (for  example, 
solutions  of  sodium  phosphate).  The  variation  of  the  concentration  < 

4  *4* 

the  tla  and  H  ions  which  takes  place  in  consequence  of  the  ior.lzatlc 
of  sodium  and  the  separation  of  hydrogen  can  be  left  out  of  account  in 
first  approximation  In  these  solutions  and  these  concentrations  can  bo 
regarded  as  constant . 

if  we  consider  the  amalgam  to  be  dilute  with  regard  tc' sodium,  w 
can  write  for  the  equilibrium  potential: 

Vn,  -  ft,  +  T  ln  lNa*l  -  T  1,1  =  *n.~T  I"  [Na],  (2?8) 
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of  the  amalgam  concentration,  as  has  been  found  experimentally. 

Integra  e  the  differential  equation  (282),  taking  into  ac- 
condltion  according  to  which  at  t  =  0  the  quantity 
[Ha]  is  equal  to  the  Initial  concentration  [Na0],  we  obtain: 

(283) 

or 

|/[Na]  =-.  (/  (NaJ,--  —l.  (28^4) 

As  is  evident  from  Eq .  (28*1),  the  square  root  of  the  amalgam  con- 
ce>  ration  decreases  linearly  with  time.  In  consequence  of  this  the  re 

jssion  is  completed  within  a  finite  length  of  time, 
/[Half-  •  This  result  is  unusual;  for  chemical  reactions 
first,  second  and  higher  orders  the  concept  of  the  end  of  the 
s  we  know ,  is  indeterminate;  the  rate  of  these  reactions 
t(  ids  asymptomatically  to  zero,  or,  in  other  words,  these  reactions  ta 
per  off  gradually  i  do  not  terminate  abruptly. 

The  correctness  of  the  above-deduced  law  of  the  kinetics  of  amal¬ 
gam  decoinpo.  Ltion  ha  c  nfirmed  experimentally  in  the  work  of  S.I 

Sklyarenko  |‘1,*1  and  2  .  t  T  ■'’a  T 1 5  3  .  In  other  cases  of  amalgam  decompo¬ 
sition,  slightly  different  relationships  can  be  observed;  thus,  it 
easy  to  show  that  for  amalgams  of  divalent  metals,  for  example,  ba 
i  1  urn  or  zinc,  the  sam  oning  leads  to  a  law  according  to  which 

decoinpo^  1  ti on  ra U  Is  rtlonal  to  the  fourth  root  of  the  amalgam 

concentration  [8]. 

The  relations  presented  in  the  foregoing  apply  when  only  the  ana 
garn  concentration  varies  during  the  reaction  while  the  concentrations 
of  the  other  components  of  the  system  (hydrogen  ions,  metal  lens  in 
1 ut ion,  etc.)  remain  constant. 

In  the  cast  of  the  decomposition  of  amalgam  by  solutions  in  which 
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the  concentration  of  tr.e  components  does  not  remain  constant,  the  reac¬ 
tion  equations  assume  a  slightly  more  complex  form;  these  equations  can 
be  derived  in  an  analogous  manner  hut  it  is  essential,  of  course,  to 
take  into  account  the  variations  of  the  ion  concentration  in  the  equa¬ 
tion  for  the  kinetics  of  th<  hydrogen  ion  discharge.  Moreover,  if  the 
total  electrolyte  concf  ntration  in  the  solution  varies  at  the  same  time 
the  influence  of  the  ij  1  potential  must  also  be  taken  into  account  and 
the  corresDonding  modifications  introduced  into  the  kinetic  equations 
[16]. 

In  practice  we  hav  to  a^ai  more  often  with  the  decomposition  of 
amalgams  by  alkaline  ‘  t  ' or.  in  which  hydrogen  separation  takes  place 
via  discharge  of  a  water  molecule.  On  the  basis  of  the  principles  re¬ 
viewed  in  the  foregoing,  we  car.  derive  differential  equations  for  the 
reaction  of  amalgam  decomposition  for  this  case  as  well.  The  equation 
for  the  hydrogen  overvoltage  on  the  mercury  cathode  in  alkaline  solu¬ 
tions  (see  Eq .  227)  and  the  equation  for  the  equilibrium  potential  of 
the  amalgam  electrode  must  be  used  for  this  purpose.  The  absolute  value 
of  the  rate  constant  of  the  amalgam  decomposition  in  alkaline  solu¬ 
tions,  as  follows  fro-  the  above,  can  be  calculated  from  the  normal  po¬ 
tential  of  the  ainalgarr  electrode  and  the  hydrogen  overvoltage  on  the 
mercury  cathode  in  alkaline  solutions.  The  equations  thus  obtained  for 
the  rate  of  decomposition  of  the  amalgams  of  the  alkali  metals  agree 
well  with  expei  lment .  Conversely,  the  hydrogen  overvoltage  in  alkaline 
solutions  can  be  found  from  the  decomposi r i on  rate  of  amalgams,  as  has 
been  pointed  out  already  in  Chapter  3. 

§/).  DISSOLUTION  OF  SOLID  METALS  WITH  SEPARATION  OF  HYDROGEN 

The  above  considered  reaction  of  amalgam  decomposition  is  charac- 
♦-erized  by  the  fact  that  a  rradual  variation  of  the  concentration  of 
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•  metal  dissolved  in  the  amalgam  takes  place  in  the  course  of  the 
process.  Let  us  now  turn  to  th°  process  of  dissolution  of  pure  metals 
In  which  an  alteration  of  the  composition  of  the  metallic  phase  does 
not  take  place. 

Let  us  examine  two  dlff  rent  extreme  cases  of  dissolution  of  solid 
metals  in  acid  solutions  (in  t  absence  or  atmospheric  oxygen). 

First  let  us  discuss  the  case  in  which  the  rate  of  discharge  of 
the  ions  and  the  ionization  of  the  metal  is  high  and  the  rate  of  the 
discharge  of  ions  and  the  ionization  of  hydrogen  is  small.  This  case 
analogous  to  tv  at  observed  during  the  decomposition  of  the  amalgams 
of  the  alkal1  nc :  . 

As  a  typical  example  we  can  use  the  process  of  the  dissolution  of 
ad  n  sulfu:  ic  acid,  which  takes  place,  for  example,  in  the  lead  bat¬ 
tery.  In  the  charged  battery,  the  negative  plates  consist  of  spongy  me- 
‘c  Jead  which  Is  normally  immersed  in  8  N  sulfuric  acid.  During 
standing  of  the  battery,  a  dissolution  of  the  lead  takes  place  with 
evolution  of  hydrogen,  which  causes  its  spontaneous  discharge. 

In  this  case  the  same  four  electrochemical  reactions  can  take 
piace  as  those  indicated  in  the  foregoing.  In  this  case  we  can  also 
neglect  the  rate  of  the  ionization  of  the  hydrogen  because  t.ne  poten 
t i a 1  of  lead  In  8  M  sulfuric  acid  is  much  more  negative  (by  about 
)  than  tliv.  reverb  11  1  potential  of  the  hydrogen  electrode  in  this  s 
lull  on.  Three  processes  remain  whose  rates  are  connected  by  the*  rela- 
t  1  on  t  n  -  i  —  t . 

J  o 

V/e  must  then  take  into  account  that  compared  with  the  rate  of  hy 
irogen  separation  the  rates  of  the  discharge  and  ionization  of  leac 
are  large.  Under  these  conditions,  as  in  the  case  of  the  decomposition 
of  ama  Lgaiiis ,  tie  solution  of  the  problem  can  be  found  fairly  easily 
cause  the  electrode  potential  is  practically  very  close  to  the  equlllb- 


rium  potential  of  the  lead  electrode  which  is  defined  by  the  therrody- 
namic  expression 

?»?*  +  ^!n[Pb").  (285) 

where  ?  =  -0.13  v  relative  to  the  standard  hydrogen  electrode. 

When  lead  Is  dissolved  Li  .  ulfurlc  acid  solution,  the  sparingly 
soluble  lead  sulfate  is  formed.  Within  a  short  time  the  solution  is 
saturated  and  the  salt  is  precipitated  in  the  solid  form. 

Figure  126  shows  the  potential  as  a  function  of  the  logarithm  of 
the  current  density  to*1  the  case  of  cathodic  (curve  2)  and  also  anodic 
(curve  1)  polarization  of  a  lead  electrode  r 1 7 3 •  The  dotted  line  gives 
the  equilibrium  potential  of  Lead  _n  sulfuric  acid  solution  saturated 
with  lead  sulfate.  It  can  be  seen  that  the  potential  of  the  anodically 
polarized  lead  electrode  in  this  solution  varies  only  slightly  over  a 
broad  range  of  current  densities  and  that  it  is  very  close  to  the  equi¬ 
librium  potential  of  Pb  in  solution,  saturated  with  PbSO;j. 


Fig.  126.  Polarization  curves  of  the  processes:  1)  Dissolution  of  lead; 

2)  hydrogen  separation;  i  is  the  self-dissolution  current  of  lead.  The 

8 

potential  was  measured  relative  to  the  hydrogen  electrode  in  the  same 
solution . 
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The  slight  positive  shift,  amounting  to  a  few  millivolts,  is  ex¬ 
plained  by  the  fact  that  during  the  dissolution  of  metallic  lead  the 

of  crystallisation  of  the  sulfate  does  not  take  place  at  an  in¬ 
finite  rate  but  requires  a  certain  time.  In  consequence  ♦-his,  a  su¬ 
persaturated  solution  of  lead  sulfate  is  formed,  md  the  concentration 
of  the  lead  ions  at  the  electro  is  somewhat  higher  than  the 

oncentration  In  the  saturated  solution.  At  large  anodic  current  densi- 
’ es  the  overvoltage  of  the  process  of  ionization  of  the  lead  begins  to 
ola.y  an  important  part,  and  the  electrode  potential  is  shifted  to  the 
negative  side  r?8].  In  order  to  resolve  the  problem  of  the  rate  of  dis- 
"ead  one  has  to  know  the  lavrs  of  the  cathodic  hydrogen  evo- 
on  on  lead  in  the  solutions  of  interest  to  us.  At  moderate  current 
u.-iioities,  the  hydrogen  overvoltage  is  an  almost  linear  function  of  the 
logarithm  of  th<*  current  density  for  the  lead  electrode. 

The  rate  of  hydrogen  separation  is  independent  of  the  simultane¬ 
ously  occurring  dissolution  of  the  lead,  i.e.,  these  two  reactions  do 
not  affect  each  other  (provided  that  an  alteration  of  the  surface  con¬ 
dition  of  the  electrode  does  not  take  place).  The  point  of  intersection 
of  the  polarization  curves  for  the  reaction  of  hydrogen  Ion  discharge 

and  the  reaction  of  th<  ;  nodic  dissolution  of  lead  gives  the  stationary/ 

% 

potential  T  on  the  ordinate  and  the  rate  of  self-dissolution  i 

s  s 

’•ad  on  the  abscissa  (se*4  ^ig.  126). 

The  experimentally  observed  rates  of  self-dissolution  of  t  e  leau 
electrode  are  in  good  agreement  with  the  values  found  by  the  abcve-dt 
scribed  method  from  the  polarization  curves  [11]. 

Different  relationships  obtain  in  the  case  of  dissolution  in  aci 
of  metals  for  which  the  processes  involved  in  the  ionization  and  dis¬ 
charge  of  t lie  metal  take  place  slowly,  such  as,  for  example,  in  the 
case  of  the  metals  of  the  Iron  group. 
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The  normal  iron  potential  relative  t  its  divalent  ions  is  — 0.44 
v.  However,  if  this  metal  is  immersed  in  1  N  hydrochloric  acid  solu¬ 
tion,  its  stationary  potential  is  —0.26  v.  It  is  immediately  evident 
that  this  potential  cannot  be  regarded  as  the  equilibriur  potential 
relative  to  the  ferrous  ions  (**o  this  value  of  the  eouilibrium  poten- 

4-  + 

tial  would  correspond  an  activity  of  the  Fe  ions  of  approximately  10 
which  is  devoid  of  any  physical  meaning). 

Let  us  examine  the  over-all  process  con: isting,  as  in  the  previ¬ 
ously  discussed  cases,  of  four  electrochemical  reactions.  The  station¬ 
ary  potential  of  the  iron  electrode  during  dissolution  in  acid  is  ap¬ 
proximately  0.26  v  more  negative  t  .ar  ‘■he  potential  of  the  reversible 
hydrogen  electrode  in  this  aojuilon,  hi  nee  the  rate  of  ionisation  of 
the  hydrogen  X ^  on  this  electrode  is  negligibly  small  and  can  be  ne¬ 
glected.  Moreover,  another  simplification  is  possible  in  this  case, 
connected  with  the  fact  that  the  exchange  current  of  the  iron  at  its 
equilibrium  potential  is  relatively  small.  At  more  positive  potentials 
than  the  equilibrium  potential  the  rate  of  the  cathodic  process  of  dis¬ 
charge  of  the  ferrous  ior.s  lg  decreases  further  and  it  can  also  be  ne¬ 
glected  by  way  of  a  first  order  of  approximation  relative  to  the  rates 
.  and  Then  only  two  out  of  four  terms  remain  in  Eq .  (277),  * 

=  e„,  corresponding  to  the  reaction  of  iron  ionization  and  hydrogen  ion 
discharge.  The  depenaence  of  the  rate  of  these  reactions  on  potential 
can  be  studied  separately  if  during  polarization  of  che  electrode  one 
measures  at  different  potentials  not  only  the  total  current  but  also 
the  quantity  of  iron  dissolved  in  uni  t^e  for  the  first  reaction  and 
the  quantity  of  hydrogen  separated  for  the  second. 

The  polarization  curve  of  hydrogen  separation  on  iron  can  be  ex¬ 
pressed  by  an  equation  of  tbe  same  type  as  for  the  mercury  electrode 
(at  least  within  a  certair  range  of  current  densities  and  concentra- 
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t i  ns ) : 


ri  =  Ai(iI*]c-|‘ir.  (286) 

If  the  electrode  surface  remains  unchanged,  the  rate  of  ionization 
of  the  iron  is  also  connected  with  the  electrode  potential  by  tne  expo¬ 
nential  relationship 

it~kte*r.  (287) 

By  graphic  representation  of  the  polarization  curves  of  the  hydro¬ 
gen  separation  or  ionization  of  the  iron  it  is  possible,  as  in  the  case 
of  the  amalgam  and  lead  electrodes,  to  determine  on  the  basis  of  the 
point  of  Intersection  the  stationary  potential  and  the  rate  of  self¬ 
dissolution  of  the  iron  electrode  (see  Fig.  127). 


l9'c  — -  Iqi 


Fig.  127.  Polarization  curves  of 
the  processes  of  hydrogen  separation 
(i‘)  and  Iron  dissolution  (in)  In 

1  £j 

acid  solutions. 


The  problem  of  finding  the  rates  of  self-dissolution  of  Iron  can 
also  be  resolved  by  a  direct  analytical  method  because  only  two  expo¬ 
nential  terms  remain  in  F.q .  (27*0  which  expresses  the  stnt  1  onarify  con¬ 
ditions.  By  substituting  into  it  the  expressions  for  r.  and  r „  from 
't  (?%)  and  (287),  we  find 
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(288) 


•  iff.  >}»F 

'<r 

and,  solving  this  for  <P,  we  obtain  the  expression  for  the  stationary 
potential 

1Pe“^  +  K+i)flnIH‘1,  (2?Q) 

where 


A  a 


RT 


,ln^. 


Substituting  the  value  for  into  the  eauation  for  and  we 

o  1  £i 

find,  after  some  simple  transformations,  the  relation  for  the  self-dis¬ 
solution  rate 


3i 


(290) 


It  is  evident  from  F.q .  (289)  that  the  stationary  potential  for  a 
metal,  for  which  the  rates  of  ionization  and  discharge  of  the  metal 
ions  at  the  equilibrium  potential  are  small  and  comparable  with  the 
rate  of  discharge  of  the  hydrogen  ions,  should  vary  with  variation  of 
the  hydrogen  ion  concentration  in  the  solution  in  the  same  manner  as 
the  potential  of  the  reversible  hydrogen  electrode.  The  coefficient  in 
front  of  the  logarithm  of  the  hydrogen  ion  concentration  is  of  course 
not  equal  to  the  coefficient  In  the  equation  for  the  reversible  hydro¬ 
gen  electrode  because  the  sum  (a^  +  6  )  may  differ  from  unity.*  Howev¬ 
er,  as  a-  and  are  proper  fractions  c3ose  to  1/2,  this  difference  is 
not  very  great  and  the  trend  of  the  relationship  between  <P  and  [H+]  is 
generally  the  same  as  with  the  hydrogen  electrode  [10,  12].  Figure  128 
is  an  example,  giving  data  which  characterize  the  dependence  of  the 
stationary  potential  of  the  iron  electro,  on  the  pH  of  the  solution 
[18]. 

The  rate  of  self-dissolution  increases  with  increase  in  the  hydro¬ 
gen  ion  concentration.  The  relation  expressed  in  Eq .  (290)  is  a  conse¬ 
quence  of  the  superposition  of  two  factors.  On  the  one  hand,  the  rate 
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of  hydrogen  separation  increases  proportionally  with  increasing  hydro¬ 


gen  ion  concentration;  on  the  other  hand  the  increase  in  the 
the  ionization  reaction  of  the  iron,  which  is  connected  with 
shifts  the  electrode  potential  to  the  positive  side  and  thus 
somewhat  the  hydrogen  separation.  In  consequence  of  this  the 


rate  of 
this , 

slows  down 
rate  of 


Fig.  128.  Stationary  potential  of  the  iron  electrode  as  a  function  of 
fie  pH  in  the  NapSOj.  —  containing  buffer  solutions.  A)  Hydrogen  elec¬ 
trode. 


self-dissolution  is  proportional  to  a  certain  fractional  power  of  the 
hydrogen  ion  concentration.  The  relation  expressed  by  Eq.  (290)  at 
moderately  high  acid  concentration  is  well  confirmed  bj  experiment: 
this  is  evident,  for  example,  from  Fig.  129,  in  which  the  dependence  of 
the  rate  of  dissolution  of  steel  ( 0 . 1 8^  C)  is  given  as  a  function  of 
the  mean  activity  of  the  sulfuric  acid  ions  [19]. 

The  examples  of  the  dissolution  of  lead  and  iron  in  acids  consid¬ 
ered  in  the  foregoing  correspond  to  two  extreme  cases.  In  the  first 
case  tne  process  of  hydrogen  separation  affects  the  relation  between 
the  rates  of  ionization  of  the  metal  and  the  discharge  of  its  ions  only 
very  slightly,  so  that  the  stationary  potential  is  close  to  the  equi¬ 
librium  potential  for  a  solution  with  the  same  metau.  ion  concentration. 
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In  the  second  case  the  shift  of  the  stationary  potential  to  the  posi¬ 
tive  side  compared  with  the  equilibrium  potential,  caused  by  the  dis¬ 
charge  of  the  hydrogen  lens,  is  so  large  that  the  rate  of  discharge  of 
the  metal  ions  at  the  stationary  potential  can  be  neglected  compared 
with  the  ionization  rate. 


u- 


Fig.  1?Q.  Rate  of  dissolution  of  steel  in  sulfuric  acid  as  a  function 
of  the  mean  activity  a  of  the  sulfuric  a'id  ions.  A)  Rate  of  dissolu- 

2  — 
tlon  g/m  hour. 

Cases  are  often  observed  correspon  ling  to  Intermediate  conditions, 
where  the  reaction  of  hydrogen  separation  causes  a  marked  shift  of  the 
stationary  potential  but  where  the  reactions  of  Ionization  and  dis¬ 
charge  of  the  metal  ions  nonetheless  remain  comparable.  To  these  be¬ 
longs  the  self-dissolution  of  iron  In  alkaline  solutions.  In  conse¬ 
quence  o*'  the  low  solubility  of  the  ferrous  hydroxide  Fe(OH)p  formed 
under  these  conditions  the  solution  can  sways  be  considered  to  be 
saturated  with  respect  to  this  compound,  'he  equilibrium  potential  of 
the  Fe  electrode  in  an  NaOH  solution,  saturated  with  Fe(OH)  (Fig.  130, 
ordinate  a)  is  -0.075  v  relative  to  the  reversible  hydrogen  electrode 
In  the  same  solution.  The  stationary  potential  of  unpassivated  iron  in 
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the  same  solution,  determined  by  the  intersection  of  the  polarisation 
curves  of  hydrogen  separation  1  and  the  anodic  dissolution  of  iron  2, 
is  strongly  shifted  to  the  positive  side  and  is  situated  at  —0.0^5  v 
(point  A).  This  potential  has  long  been  regarded  as  the  eouilibrium  po¬ 
tential  of  this  system  until  comparison  of  the  exchange  current  for 
iron  and  the  rate  of  hydrogen  separation  showed  that  we  are  dealing 
here  merely  with  a  stationary  and  not  with  an  equilibrium  value  [20]. 

The  above-described  ideas  on  the  kinetics  of  the  dissolution  of 
metals  are  not  valid  if  passivating  layers  form  on  their  surfaces  which 
is  possible  during  the  dissolution  of  lead  in  sulfuric  acid  as  well 
during  the  dissolution  of  iron  in  alkali  (see  Chapter  7). 

In  the  foregoing  we  have  examined  the  dependence  of  the  dissolu¬ 
tion  kinetics  on  the  exchange  current  of  the  metal.  The  hydrogen  over¬ 
voltage  is  also  of  great  importance  in  this  connection,  however.  With  a 
given  polarization  characteristic  of  the  anodic  process,  the  rate  of 
self-dissolution  will  evidently  be  greater  if  the  hydrogen  separation 
overvoltage  is  less.  The  self-dissolution  reaction  in  acid  solution, 
however,  cannot  be  accelerated  indefinitely  because  the  rate  of  hydro¬ 
gen  separation  limits  the  rate  of  diffusion  of  the  hydrogen  ions  to¬ 
wards  the  electrode  surface. 

In  cases  where  separation  of  hydrogen  from  alkaline  solutions  is 
not  possible  on  the  metal  surface  and  the  rate  of  discharge  of  the  hy¬ 
drogen  ions  from  acid  solutions  is  fairly  large,  the  rate  of  the  self- 
dissolution  is  determined  by  diffusion  of  hydrogen  ions  towards  the 
metal  surface.  These  conditions  are  particularly  frequently  realized 
during  the  dissolution  of  technical,  fairly  electronegative  metals,  for 
example,  zinc,  containing  impurities  which  lower  the  hydrogen  overvolt¬ 
age.  In  such  cases  the  rate  of  dissolution  depends  on  all  factors  which 
determine  the  magnitude  of  the  limit  diffusion  current,  such  as,  for 
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example,  the  rate  of  rrixing  ana  Me  viscos it;  of  the  solvent  (se^  Clnp- 
ter  1).*  This  conclusion  is  fully  confirmed  by  experiment.  The  «vis_ 
tence  of  an  approximately  inverse  proportionality  between  the  rat*^  of 
dissolution  of  the  rentals  and  the  viscosity  of  the  solution,  which  must 
be  expected  in  this  case,  has  already  been  observed  by  Kayander  In  1881 
[11. 


-r 


Fig..  ^  30 .  Effect  of  oxygen  on  the  rate  of  self-dissolution  of  iron  in 
alkaline  solution:  1)  Cathodic  curve  of  hydrogen  separation;  2)  anodic 
curve  of  the  dissolution  of  the  active  iron  electrode;  3)  cathodic 
curve  of  oxygen  reduction;  anodic  curve  of  the  passive  iron  elec¬ 
trode.  The  abscissae  of  the  points  A,  E  and  C  express,  respectively, 
the  corrosion  rate  of  the  active  iron  electrode  with  hydrogen  separa¬ 
tion,  of  the  active  electrode  with  reduction  of  oxygen,  and  of  the  pas¬ 
sivated  electrode.  The  ordinate  of  the  point  a  is  the  equilibrium  po¬ 
tential  of  iron  in  the  same  solution.  The  potentials  are  related  to  the 
reversible  hydrogen  potential  in  the  same  solution. 

55.  DISSOLUTION  OF  MFTALS  IN  PRESENCE  OF  OXYGEN  AND  OTHER  OXIDANTS 

In  the  preceding  sections  we  have  considered  the  process  of  self¬ 
dissolution  of  metals  in  electrolyte  solutions  accompanied  by  discharge 
of  hydrogen  i^ns  and  the  separation  of  gaseous  hydrogen.  As  pointed  out 
earlier,  the  reaction  of  self-dissolution  of  a  metal  can  also  take 
place  by  different  pathways:  if  the  solution  contains  substances  capa¬ 
ble  of  electrochemical  reduction  at  the  metal  surface  (for  example, 
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dissolved  atmospheric  oxygen,  nitric  acid,  iodine  or  other  oxidants), 
the  reaction  of  ionization  of  the  metal  can  be  compensated  by  the  reac¬ 
tion  of  reduction  of  these  substances  and  not  by  the  reaction  of  hydro¬ 
gen  ion  discharge. 

Of  great  practical  importance  are  the  processes  of  metal  dissolu¬ 
tion  accompanied  by  reduction  of  dissolved  oxygen  (so-called  metal  dis¬ 
solution  with  "oxygen  depolarization").*  The  latter  have  been  studied 
in  detail  by  N.D.  Tomashov  [21].  The  reduction  of  oxygen  takes  place  on 
most  metals  at  potentials  which  are  slightly  more  positive  than  the  re¬ 
action  of  hydrogen  separation.  In  consequence  of  this,  when  the  solu¬ 
tions  are  saturated  with  atmospheric  oxygen,  the  dissolution  of  the 
metals  is  accelerated  if  the  surface  is  maintained  in  an  active  state. 

Figure  130  gives  the  curves  of  the  ionization  rate  of  iron  (curve 
1)  and  also  of  hydrogen  separation  (curve  2)  and  the  reduction  of  oxy¬ 
gen  (curve  3)  as  a  function  of  the  potential  of  the  active  iron  elec¬ 
trode  (for  alkaline  solutions).  The  point  A  corresponds  to  the  station¬ 
ary  state  established  in  the  absence  of  atmospheric  oxygen  (for  exam¬ 
ple,  in  solutions  saturated  with  hydrogen  or  nitrogen)  while  the  point 
B  represents  the  stationary  state  of  the  electrode  in  a  solution  in 
contact  with  air.  In  the  presence  of  air,  as  the  figure  shows,  the  rate 
of  self-dissolution  increases. 

In  consequence  of  the  low  solubility  of  oxygen  in  electrolyte  so¬ 
lutions  (in  moderately  concentrated  solutions  which  are  saturated  with 
air,  the  concentration  of  dissolved  oxygen  amounts  approximately  to 
2.5*10~ ^  moles  per  liter),  the  reaction  rate  of  the  cathodic  reduction 
of  oxygen  is  limited  by  the  diffusion  of  oxygen  towards  the  electrode 
surface  and  cannot  exceed  the  values  corresponding  to  the  limit  diffu¬ 
sion  current  of  oxygen  as  is  evident  from  the  polarization  curve  of 
oxygen  reduction  (curve  3t  Fig.  130).  The  section  of  the  latter  with 
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the  steep  rise  corresponds  to  the  limit  diffusion  current  of  oxygen. 

Three  cases  must  be  distinguibheo  in  tne  corrosion  of  metals  in 
the  presence  of  oxygen. 

While  the  position  of  the  curve  which  expresses  the  potential  of 
the  metal  as  a  function  of  the  anodic  proce; s  corresponds  to  the  case 
1*  in  Fig.  131,  the  point  of  its  intersection  with  the  curve,  which  ex¬ 
presses  the  rate  of  the  cathodic  process  lies  in  the  range  of  the  limit 
oxygen  current  (point  B).  In  this  case  i*  is  said  that  the  self-disso¬ 
lution  potential  lies  in  the  oxygen  diffusion  range.  The  abscissa  of 
the  intersection  point  which  defines  the  self-dissolution  current  in 
this  case  remains  almost  constant  during  variation  of  the  position  of 
the  curve  1’;  in  other  words,  the  corrosion  rate,  determined  by  the 
diffusion  of  oxygen  to  its  surface,  is  independent  of  the  nature  of 
the  metal  but  depends  on  the  mixing  rate,  the  viscosity  of  the  solu¬ 
tion,  etc.,  as  has  been  explained  earlier  during  the  examination  of 
the  dissolution  of  metals  in  acids.  The  situation  is  different  in  the 
case  1,  corresponding  to  a  lower  rate  of  the  anodic  process  at  the  same 
potential.  At  the  self-dissolution  potential  we  are  in  the  kinetic  oxy¬ 
gen  range.  The  density  of  the  self-dissolution  current  in  this  case  is 
considerably  less  than  the  density  of  the  diffusion  current  and  depends 
greatly  on  tne  nature  of  the  metal. 

If  the  curve  of  the  anodic  process  is  situated  at  more  negative 
potentials  than  the  curve  1’  (curve  1”),  the  separation  of  hydrogen  is 
also  possible  at  a  high  rate  at  the  stationary  potential  of  self-disso¬ 
lution  in  the  presence  of  oxygen.  Henc<  1  ring  the  dissolution  in  an 
oxygen  atmosphere  of  metals  which  have  a  strongly  negative  potential 
(for  example,  sodium  amalgams),  an  intense  hydrogen  evolution  can  take 
place  simultaneously  with  the  reduction  of  the  oxygen.  In  this  case  the 
shift  of  the  stationary  potential  and  the  Increase  in  the  dissolution 
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rate  upon  transition  from  a  hydrogen  to  an  oxygen  atmosphere  is  rela¬ 
tively  slight. 


Pig.  131.  Polarization  curves  of  the  anodic  metal  dissolution  (1,  1', 
1"),  of  hydrogen  separation  (2)  and  oxygen  reduction  (3)  in  acid  solu¬ 
tions.  The  summary  rate  of  the  processes  of  hydrogen  separation  and 
oxygen  reduction  is  represented  by  the  dotted  line.  The  ordinates  of 
the  points  A,  A'  and  A"  represent  the  self-dissolution  potentials  in 
the  absence  of  oxygen,  the  ordinates  of  the  points  B,  C  and  D,  in  the 
presence  of  oxygen. 


It  has  been  shown  in  Chapter  ^  that  on  some  metals  the  cathodic 
reduction  of  oxygen  leads  to  the  formation  of  hydrogen  peroxide  while 
on  other  metals  oxygen  is  reduced  straight  to  water  [22].  The  formation 
of  hydrogen  peroxide  during  the  corrosion  of  many  metals  in  air  in  the 
presence  of  water  can  be  readily  shown  experimentally,  particularly  if 
the  ability  of  the  hydrogen  peroxide  vapor  to  cause  darkening  of  a  pho¬ 
tographic  plate  is  utilized.  The  conclusions  given  here  on  the  kinet¬ 
ics  of  metal  dissolution  in  presence  of  oxygen  can  be  particularly  eas¬ 
ily  confirmed  by  using  as  an  example  the  dissolution  of  mercury  and 
amalgam  because  in  this  case  all  complications  due  to  the  formation  of 
passivating  films  and  surface  heterogeneity  are  absent  [23]. 

During  the  oxidation  of  mercury  by  atmospheric  oxygen  in  a  solu¬ 
tion  of  sulfuric  acid,  mercury  ions  are  formed;  because  the  mercury  ex- 
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change  current  is  large  compared  v.’ith  the  rate  of  reduction  of  the  oxy¬ 
gen  on  the  mercury  cathode,  the  mercury  electrode  assumes  an  equilibri¬ 
um  potential  corresponding  to  the  concei.tra* ion  of  the  mercury  ions 
which  is  established  in  the  solution  at  the  riven  mixing  conditions, 
and  the  rate  of  dissolution  of  the  mercury  Is  determined  by  the  rate  of 
the  electrolytic  reduction  of  the  oxygen  at  this  potential.  Because  the 
reduction  of  oxygen  at  the  potentials  of  mercury  in  solutions  contain¬ 
ing  mercury  ions  can  proceed  only  to  hydroeeri  peroxide,  hydrogen  perox¬ 
ide  accumulates  in  the  solution  in  a  quantity  eouivalent  to  the  quanti¬ 
ty  of  mercury  ions  which  have  passed  into  solution.  If  the  potertial  of 
the  mercury  electrode  is  shifted  strongly  te  the  negative  side,  by  in¬ 
troducing  into  the  solution  instead  of  iUdCh  an  electrolyte,  whose  an- 
ions  bind  the  mercury  ions  by  com}  lex  formation,  f example,  KCN,  the 
rate  of  oxygen  reduction  at  the  stationary  potentinl  increases*  and  we 
come  close  to  the  conditions  corresponding  to  curve  1*  in  Fig.  131;  the 
rate  of  dissolution  is  then  basically  determined  by  the  diffusion  of 
oxygen  towards  the  electrode  surface. 

Analogous  relationships  are  observed  during  the  dissolution  of  the 
amalgams  of  metals  such  as  cadmium  or  thallium  In  presence  of  oxygen. 

In  this  case  the  ions  of  the  electronegative  metal  pass  into  solution 
at  a  rate  w'  lch  is  equal  to  the  rate  of  the  oxygen  reduction.  If  the 
concentrat ior  of  the  amalgam  Is  low,  the  rate  of  oxygen  reduction,  as 
in  the  case  of  pure  mercury,  is  determined  by  the  electrode  potential 

(kinetic  oxygen  range);  at  higher  metal  concentrations  in  the  amalgam, 

1 

however,  an  oxygen  limit  current  is  at*.  .*  which  no  longer  depends 
either  on  the  potential  or  the  nature  of  the  metal  (diffusion  range). 

The  presence  of  other  oxidants  in  the  solution,  in  addition  to  at¬ 
mospheric  oxygen,  as  a  rule  also  causes  an  Increase  in  the  rate  of 
self-dissolution  of  metals.  However,  exceptions  are  observed  in  indi- 


vldual  cases  due  to  changes  of  the  surface  state.  Thus,  for  example, 
addition  ot  Cr^Oy-  ions  (or  CrOjj)  to  the  solution,  which  have  a  strong 
oxidizing  effect  and,  consequently,  are  readily  reduced,  intensifies 
the  self-diffusion  of  some  metals.  Under  different  conditions,  the  same 
ions  exert  an  inhibiting  effect  on  the  self-dissolution  process  because 
a  thin  passivated  layer  is  formed  on  the  metal  surface  under  their  in¬ 
fluence  which  alters  the  kinetics  of  the  electrode  reactions  and  par¬ 
tially  protects  the  electrode.  For  this  reason  chromates  are  often  add¬ 
ed  to  electrolyte  solutions  with  the  aim  of  reducing  the  corrosion  of 
the  metals  [2^'J. 

If  the  conditions  for  the  formation  of  a  passivating  film  are  fa¬ 
vorable,  it  is  possible  that  even  In  the  presence  of  oxygen  a  decrease 
Instead  of  an  increase  of  the  metal  self-dissolution  takes  place.  These 
relationships  are  well  illustrated  by  the  behavior  of  the  iron  elec¬ 
trode  In  caustic  solution  (Fig.  130).  As  pointed  out  previously,  the 
smooth  iron  electrode,  whose  surface  Is  free  of  an  oxide  film,  assumes 
a  potential  In  an  oxygen-free  solution,  which  Is  0.0^5  v  more  negative 
than  that  of  the  reversible  hydrogen  electrode  in  the  same  solution 
(point  A )  ana  whose  value  is  determined  by  the  equality  of  the  rates  of 
the  process  of  the  anodic  dissolution  of  iron  with  formation  of  Fe(0H)p 
(curve  2)  and  the  hydrogen  separation  (curve  1). 

If  a  caustic  solution  is  saturated  with  oxygen,  the  cathodic  proc¬ 
ess  of  hydrogen  separation  is  replaced  by  the  process  of  oxygen  reduc¬ 
tion,  characterized  by  the  polarization  eurvp  3;  this  process,  if  the 
comparison  is  made  at  the  same  potential.  Is  faster  than  that  of  the 
hydrogen  separation.  Tills  results  in  an  intensification  of  the  flow  of 
positive  charges  towards  the  electrode  which  causes  a  shift  of  the  sta¬ 
tionary  electrode  potential  to  tne  positive  side  (point  B )  and,  conse¬ 
quently,  an  Increase  In  the  rate  of  the  anodic  process  as  long  as  the 


surface  propertier  regain  uncf  anp-ed . 


After  cor  *•  tl-i.c,  no;  v*  i  ,  v  v.r.inr  layer  appears  on  the  iron 

at  this  more  positive  potential ,  whiih,  as  is  obvious  from  the  position 
of  the  polarisation  curve  ^ ,  slows  down  the  rite  of  the  anodic  process 
at  this  potential  considerably.  Hence,  the  rate  of  the  cathodic  process 
of  oxygen  reduction,  which  is  equal  tu  it  under  stationary  conditions, 
should  also  decrease  greatly,  which  is  possible  only  if  the  stationary 
potential  subsequently  shifts  ?ven  nore  to  the  positive  side;  the  lat¬ 
ter  attains  value.  witch  ai  0. 7-0-3  v  more  positive  than  the  reversi¬ 
ble  hydrogen  potential  Jo  the  same  solution  (point  C) .  This  shift, 
caused  by  the  alteration  of  tha  nature  of  the  anodic  process  and  which 
corresponds  to  the  Increase  in  the  rate  of  4  he  cathodic  process,  in 
contrast  to  the  initial  shift.  In  which  the  nature  of  the  cathodic 
process  was  altered  and  the  rave  of  the  anodic  process  increased  corre¬ 
spondingly,  Is  accompanied  not  hv  an  increase  but  by  a  decrease  in  the 
corrosion  rate.  At  the  same  time  the  chemical  nature  of  the  corrosion 
products  changes  in  consequence  of  the  appearance  of  trivalent  iron  in 
them . 


In  all  cases  in  wr ich  several  electrochemical  reactions  proceed 
simultaneously  or.  th«  surface  of  a  metallic  electrode,  the  stationarity 
conditions,  pointed  out  earlier,  are  determined  by  the  equality  of 
the  summary  rat;  of  all  anodic  and  all  cathodic  reactions.  If  the  form 
of  the  kinetic  equations  of  the  individual  reactions  is  known,  the  val¬ 
ue  of  the  stationary  potential  and  the  rate  of  self-dissolution  can  be 
determined  exactly  in  the  same  manner  a.  ir  the  above-considered  case 
of  the  dissolution  reactions  which  involve  hydrogen  separation. 

It  must  be  pointed  out  that  frequently  on  electrodes  which  we  con¬ 
sider  to  be  in  « qul librium  many  electrochemical  reactions  actually  take 
place  simultaneously.  Thus  n  a  platinum  electrode  In  a  hydrogen  atmos- 
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phere,  on  which  the  basic  reactions  are  the  discharge  and  ionization  of 
hydrogen,  numerous  other  reactions  are  possible  involving  the  oxidation 
01*  reduction  of  impurities  which  are  always  present  in  the  solution 
such  as,  for  example,  reactions  of  the  reduction  of  traces  of  oxygen 
which  has  remained  in  the  solution.  The  rates  of  these  reactions  depend 
on  the  experimental  conditions  and  on  the  degree  of  purity  of  the  solu¬ 
tion  and,  at  least  theoretically,  they  must  be  taken  into  account  in 
the  over-all  balance  of  the  electric  charges.  Practically,  however, 
their  rates  are  usually  so  small  compared  with  the  rates  of  the  main 
reaction  that  they  can  be  completely  neglected;  for  this  reason  such 
electrodes  can  be  regarded  as  being  in  equilibrium  with  a  sufficient 
degree  of  approximation.  In  some  cases,  however,  the  relations  between 
the  rates  of  the  main  and  side  reactions  change.  For  example,  in  the 
presence  of  small  traces  of  arsenic  compounds  the  rates  of  the  reac¬ 
tions  of  the  ionization  and  discharge  of  hydrogen  on  platinum  are 
greatly  decreased;  in  this  case  the  rates  of  the  side  reactions  become 
comparable  with  the  rate  of  the  main  reaction,  the  equilibrium  on  the 
electrode  surface  is  upset  and  its  potential  is  shifted  to  the  positive 
side  (poisoning  of  the  platinum  electrode^. 

§6.  SELF-DISSOLUTION  AND  ANODIC  DISSOLUTION  OF  METALS 

Up  to  now  we  have  considered  the  behavior  of  isolated  metal  elec¬ 
trodes,  which  are  not  connected  with  an  external  electric  circuit,  in 
electrolyte  solutions. 

The  passage  of  electric  current  through  the  electrode  and  the  po¬ 
larization  of  the  electrodes  connected  with  it  affects  the  rate  of  all 
the  electrochemical  reactions  taking  place  on  the  metal  surface,  in¬ 
cluding  the  rate  of  dissolution  of  the  metal.  Polarization  upsets  the 
above-described  equality  of  the  rates  of  dissolution  of  the  metal  and 
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the  hydrogen  separation  (Eq.  273).  The  density  of  the  external  current 
is  naturally  equal  to  the  difference  between  the  densities  of  the  hy- 


p\ 


i 

Ifi,  T/i 

Fig.  132.  Cathodic  and  anodic  polarization  of  a  metallic  electrode, 
which  dissolves  with  separation  of  hydroren,  by  an  external  current: 
ij)  curve  of  hydrogen  separation;  i„)  cm ve  anodic  dissolution  of 

the  metal;  i curve  of  cathodic  polarization,  i anodic  polarization 

curve  of  a  metal  electrode  in  an  acid  solution. 


drogen  discharge  and  metal  ionization  currents 

k-i.-i.-lA-8.-7j.  (291) 

while  the  external  anodic  current  is  eoual  to  the  excess  of  the  m^tal 
ionization  current  over  the  hydrogen  discharge  current 

U*=  «'j  —  t,  =  1,-1,  — (  ?92 ) 

If  we  polarize,  for  example,  an  iron  electrode  in  an  acid  solution 
with  small  currents  (i.e.,  with  currents  which  are  small  compared  with 
the  self-dissolution  current  in  the  absence  of  external  polarization), 
the  stationary  state  is  almost  undisturbed  and  the  potential  shift  of 
the  electrode  is  slight.  This  is  evident  r  ’em  the  fact  that  the  curves 
of  dissolution  of  the  iron  and  of  the  hydrogen  separation  at  small  cur¬ 
rent  densities  in  semi logarithmic  coordinates  approach  a  horizontal 
line,  whose  ordinate  corresponds  to  the  stationary  potential  of  self- 
dissolution  of  the  metal.  It  is  easy  to  show  that  the  potential  shift 
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caused  by  the  action  of  an  external  polarizing  current  is  less  when 
the  self-dissolution  current  is  large.  Ihe  stationary  dissolution  po¬ 
tential  of  iron  in  acid  can  be  determined  (neglecting  the  rates  of 
the  two  other  electrochemical  reactions)  by  the  equality  of  the  rates 
of  the  processes  of  hydrogen  ion  discharge  and  ionization  of  the  iron 


“if*- 

- ie . 


(293) 


where  is  the  density  of  the  self-dissolution  current.  At  small  devi¬ 
ations  A9  of  the  potential  from  the  stationary  value  the  intensity  of 
the  cathodic  polarization  current  is 

^  -kte  “ST  ^  .&f,  .(29*0 


hence 


'jf 

*  (ai+h)F  «e 


(2  95) 


Equation  (295)  is  analogous  to  Eq .  (145a)  obtained  in  Chapter  3 
for  the  potential  shift  of  the  equilibrium  hydrogen  electrode  at  low 
densities  of  the  polarizing  current  but  instead  of  the  exchange  current 
it  contains  the  self-dissolution  current  i  . 

If  a  large  cathodic  current  is  passed  through  the  electrode,  the 
rate  of  ionization  of  the  iron  in  the  acid  solution  is  greatly  lowered 
and  the  points  of  the  cathodic  polarization  curve  fall  practically 
on  the  hydrogen  separation  curve  i ^  -  i ^ .  An  analogous  relation  obtains 
when  a  large  anodic  current  is  passed  through:  the  rate  of  hydrogen 
separation  is  greatly  reduced  in  consequence  of  which  the  anodic  polar¬ 
ization  curve  i.  practically  coincides  with  the  metal  dissolution  curve 

/i 


l2  ~  %2‘ 


As  can  be  seen  in  Fig.  132,  the  polarization  curves  of  the  self¬ 
dissolving  iron  electrode  are  connected  with  the  curves  of  the  anodic 
dissolution  of  the  metal  and  the  cathodic  separation  of  hydrogen  in  the 
same  way  as,  for  example,  the  polarization  curves  of  the  hydrogen  elec- 
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trode  are  connected  with  the  curves  of  the  discharge  and  ionization  or 
hydrogen  (compare  Fig.  72  and  73).  The  principal  difference,  however, 
consists  in  the  fact  that  in  the  latter  case  the  discharge  and  ioniza¬ 
tion  curves  relate  to  individual  electrochemical  reactions  while  the 
curves  of  metal  dissolutl  n  and  hydrogen  reparation  for  iron  express 
each  the  difference  in  the  rates  of  two  reactions  (the  cathodic  and 
anodic ) . 

The  problem  of  the  variation  of  the  rate  of  self-dissolution  dur¬ 
ing  the  polarization  of  a  metal  by  an  external  current  source  often 
arises  during  the  solution  of  practical  p?’obl^ms.  Figure  133  illus¬ 
trates  the  relations  observed  in  such  a  case.  The  curves  1  and  ?  repre¬ 
sent  the  rates  of  ionization  of  the  ;  et-1  a:  th*>  separation  of  hydro¬ 
gen  as  a  function  of  the  potential.  To  the  Intersection  point  of  these 
curves  (point  A)  on  the  abscissa  axis  corresponds  the  logarithm  of  the 
rate  of  self-dissolution  of  the  metal.  Anodic  polarization,  shifts  the 
felectrode  potential  to  the  positive  side,  fer  example  to  the  value  CP  7 
and  in  consequence  of  this  the  rate  of  hydrogen  separation  is  greatly 
reduced  point  B). 

Thus  the  rat'*  of  dissolution  of  the  metal  (i.e.,  dissolution  with 
evolution  of  hydrogen)  is  greatly  reduced  during  anodic  polarization 
of  the  meta'  .  This  phenomenon  is  commonly  termed  positive  difference 
effect  in  the  corrosion  literature. 

7ne  difference  effect  can  be  expressed  to  a  varying  degree  in  dif¬ 
ferent  cases.  In  the  case  of  the  reaction  of  dissolution  of  sodium 
amalgam  we  had  ar  example  of  a  very  wf.u  iifierer.ee  effect:  as  pointed 
out  in  the  foregoing,  at  moderate  anodic  (ana  also  cathodic)  current 
intensities,  in  consequence  of  the  large  exchange  current  of  sodium, 
the  potential  the  amalgam  electrode  varies  only  very  slightly  and 
the  rate  of  self-dissolution  of  the  electrode  under  an  externa"1  current 


ffers  little  from  the  rate  of  self-dissolution  of  the  unpolarized 

electrode. e 

A  positive  difference  effect  corresponds  to  normal  conditions  on 
metal  surface.  In  some  cases,  however,  phenomena  are  observed  during 
the  polarization  of  an  electrode  which  are  opposite  to  those  described 
Just  now  and  which  consist  in  an  increase  in  the  rate  of  self-dissolu¬ 
tion  of  the  metal  during  anodic  polarization  (negative  difference  ef¬ 
fect).  These  phenomena  serve  as  an  example  of  the  complications  due  to 
variation  of  the  surface  state  by  the  simultaneous  occurrence  of  sever- 
1  e  ectrochemical  processes.  The  negative  difference  effect  may  be 
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Fig.  133.  Positive  and  negative  difference  effects:  A)  Stationary  state 
of  the  inpolar  ’ed  retal;  <P  )  potential  during  anodic  polarization;  B) 

a 

self-di;  lotion  of  the  metal  with  positive  difference  effect,  and  C) 

self-dis:  of  the  me  al  with  negative  difference  effect. 

connected  with  the  fact  that  the  nature  of  the  oxide  film  is  modified 
by  the  anodic  polarization.  If  the  formation  of  the  oxide  film  on  the 
surface  requires  time,  then  it  cannot  always  be  renewed  during  strong 
anodic  dissolution  of  the  metal  and  the  surface  is  less  protected.  The 
rate  of  hydrogen  separation  can  also  increase  under  the  influence  of 
this  alteration;  if  the  increase  in  the  rate  of  hydrogen  separation  due 


to  a  change  of  the  surface  state  more  than  compensates  fo  1  the  de¬ 
crease  in  the  rate  of  this  process  which  is  caused  by  th°  potential 
shift  to  the  positive  side,  the  self-dissolution  of  the  me-al  is  inten¬ 
sified.  Thus,  if  curve  2  (Fig.  133)  is  shifted  to  the  side  of  more  pos¬ 
itive  potentials  (curve  2’)  during  anodic  polarization  in  consequence 
of  a  transition  of  the  electrode  to  a  different  state,  the  rate  of 
self-dissolution  at  the  potential  ?  may  prove  to  be  greater  than  in 

a. 

the  initial  state  (point  C)  although  the  potential  is  more  positive. 
Such  phenomena  can  be  observed,  for  example,  during  the  anodic  polar¬ 
ization  of  magnesium  in  ai  alkaline  solution  in  presenc  of  chlorine 

ions . 

In  analogy  to  the  slowing  dcv.r.  cf  thr  Ischarge  of  hydrogen  ions 

during  anodic  polarization  under  normal  conditions,  the  cathodic  polar¬ 
ization  slows  down  the  reaction  of  ionisation  of  the  m^-tal  and,  conse¬ 
quently,  reduces  the  rate  at  wnich  it  goes  into  solution.  This  iast 
phenomenon  is  termed  protection  effect  in  the  corrosion  literature  [6, 
21].  Tie  protection  method  of  corrosion  prevention  which  is  widely  used 
in  practice  is  based  on  it.  Thus,  for  example,  if  an  iron  surface  in 
sea  wate:  Is  to  be  protected  against  corrosion,  it  is  polarized  cathod- 
ically  by  being  brought  into  contact  with  zinc  electrodes.  Cathodic  po¬ 
larization  an  also  be  achieved  by  means  of  an  external  current  source. 
Owin,-  to  the  negative  potential  shift  caused  by  the  cathodic  polariza¬ 
tion  the  corrosion  rate  of  the  iron  is  greatly  reduced.  In  this  case 
exceptions  can  be  likewise  observed  for  passivating  metals  because  tie 
reduction  of  the  oxide  film  during  z)  -idle  polarization  can  lead 

to  accelerated  self-dissolution  of  a  metal.  Thus  when  aluminum  is  sub¬ 
jected  to  cathodic  polarization  in  solutions  of  LiOH  and  NaOH  with 
large  current  densities,  rapid  self-dissolution  takes  place  f29]. 
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*>7.  LOCAL  ELEMENTS 


Up  to  no v/  we  have  considered  the  dissolution  of  a  metal  from  a 
homogeneous  surface,  i.e.,  we  have  assumed  that  the  rate  of  electro¬ 
chemical  reactions  taking  place  on  the  surface  is  the  same  at  all 
points  and  that  all  points  of  the  surface  have  the  same  potential 
(i.e.,  t-.hat  the  surface  is  str'c^y  an  equipotential  one).  This  assump- 
i on  is  completely  justified  for  a  liquic  metal,  for  example,  for  the 
u’-’face  of  mercury  or  an  amalgam  electrode,  which  can  serve  as  an  exam¬ 
ple  of  a  homogeneous  surface.  When  we  pass  on  to  a  solid  metal  this  as- 
iiption  can  only  bt  a  certain  approximation.  Even  if  the  solid  metal 
emically  qi'te  homogeneous,  different  regions  on  its  surface  can- 
considered  to  be  completely  homogeneous  in  a  physical  sense.  As 
cussed  already  in  Chapter  6,  different  points  of  the  surface  which 
iiffer  by  their  position  in  the  lattice  of  the  individual  crystallites 
iifferent  en-  and  different  properties  which  is  reflected  in 

L i . «_•  i  ectrochem  i  cal  reactions  taking  place  at  these  points.  A  particu¬ 
larly  marked  deviation  from  the  simplified  picture  used  by  us  occurs 
.•hen  ne  metal  contains  foreign  inclusions  and  when,  in  consequence  of 
this,  surface  Is  divided  into  regions  with  different  physical  and 

ohemi  al  o’-ope)  ies.  Hence  the  problem  arises  under  what  conditions  the 
concept  developed  In  the  foregoing  can  be  applied  to  a  real  solid  met- 
il  ml  to  Ti  iegrc  the  Influence  of  the  surface  heterogeneity  must 
U-  taken  into  account  in  different  partial  cases. 

let  us  onaider  fi^st  the  extreme  case  of  the  presence  on  the  sur¬ 
face  of  a  pure  dissolving  metal  (which  we  shall  arbitrarily  term  the 
base  metal  in  the  following)  of  foreign  inclusions  with  physical  and 
chemical  properties,  which  differ  markedly  from  the  properties  of  the 
base  metal.  To  be  more  specific,  let  us  assume  that  the  hydrogen  sepa- 
iation  overvoltage  on  these  inclusions  is  greatly  lowered  and  that 


these  inclusions  ao  not  dissolve  in  the  electrolyte  solution  or  dis¬ 
solve  very  slowly.  The  stationary  potential  of  these  inclusions  is  ob¬ 
viously  more  positive  than  the  potential  of  the  base  metal  because  oth¬ 
erwise  the  inclusion  on  which  the  hydrogen  separation  is  disinhlbited 
would  be  subjected  to  rai*d  self-dissolution. 

As  has  been  pointed  out  in  51,  t’  -<■»  inclusions  and  base  metal  on  a 
metal  surface  form  a  large  number  of  galvanic  elements  of  microscopic 
dimensions.  The  internal  resistance  of  there  microelements  is  mainly 
determined  by  the  dimensions  and  shape  of  the  inclusions  and  the  elec¬ 
trical  conductivity  of  the  solution:  the  resistance  of  the  metal  be¬ 
tween  the  inclusions  and  the  surface  of  the  pure  metal  is  very  small 
and  can  be  practically  neglected  compared  with  the  resistance  of  the 
solution. 

As  will  be  shown  further  on,  the  total  resistance  of  the  microele¬ 
ments  in  solutions  with  fairly  good  electrical  conductivity  is  low.  For 
this  reason  the  latter  often  cause  the  appearance  cf  large  local  elec¬ 
tric  currents.  The  currents  flow  in  the  metal  from  the  more  positive 
regions  cf  the  Inclusions  to  the  mom  negative  regions  of  the  surface 
of  the  base  metal.  In  the  solution  the  dii  ction  of  the  current  in 
these  short-circuited  elements  is  the  opposite.  In  consequence  of  the 
passage  of  current  tne  reaction  of  anodic  r.etal  dissolution  takes  place 
mainly  on  the  surface  of  the  base  metal  while  the  reaction  of  cathodic 
hydrogen  separation  takes  place  at  the  inclusions. 

The  effect  of  the  Inclusion  can  be  also  explained  in  the  following 
way.  In  the  balance  of  inclusions  a  s*-  ar.v  potential  would  be  es¬ 

tablished  on  the  base  metal  at  which  the  cathodic  process  of  ion  dis¬ 
charge  and  the  anodic  process  of  ionization  would  proceed  at  the  same 
rate.  The  presence  of  inclusions  on  which  the  hydrogen  ion  discharge  is 
disinhlbited  causes  a  shift  of  the  potential  of  the  base  metal  to  the 
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positive  side.  Because  of  this  the  anodic  process  of  metal  dissolution 
is  accelerated  on  the  base  metal  and  the  cathodic  process  of  hydrogen 
separation  is  slowed  down.  In  other  words,  the  anodic  process  now  pre¬ 
dominates  on  the  base  metal  and  the  cathodic  on  the  Inclusions,  i.e., 
a  spatial  separation  of  the  electrochemical  reactions  has  taken  place. 
Because  the  rate  of  hydrogen  ion  discharge  (see  Chapter  3)  depends 
'-eatly  on  the  nature  of  the  metal,  the  presence  of  inclusions  with 
lower  overvoltage  can  cause  a  strong  increase  in  the  rate  of  self-dis¬ 
solution  of  a  metal  with  large  overvoltage  in  acids.  Inclusions  of  iron 
in  sine  or  antimony  in  lead,  for  example,  have  such  an  effect. 

The  cathodic  and  anodic  surface  regions  are  polarized  during  the 
passage  of  current.  The  current  intensity  in  the  local  elements  can  be 
calculated  If  the  polarization  characteristics  of  the  cathodic  and  an¬ 
odic  regions  and  the  ohmic  resistance  between  them  are  known. 

The  graphic  method  of  calculating  the  current  intensity  in  the  lo¬ 
cal  elements  by  means  of  the  polarization  curves  of  the  anodic  and 
cathodic  regions  (the  so-called  method  of  polarization  diagrams)  [6, 

25]  is  widespread  in  the  corrosion  literature.  An  example  of  such  a  di¬ 
agram  Is  given  In  Fig.  131*.  Curve  1  corresponds  to  the  anodic  polariza- 
i  1  on  curve  of  the  base  metal  and  curve  2  to  the  polarization  of  the  in¬ 
clusions  during  the  separation  of  hydrogen  on  them.  In  contrast  to  the 
earlier  used  graphic  method,  the  logarithm  of  the  current  intensity  in 
the  local  element  is  plotted  on  the  abscissa  axis  in  Fig.  13^  instead 
of  the  logarithm  of  the  current  density.  In  consequence  of  the  fact 
that  the  cathodic  and  anodic  processes  take  place  at  different  regions 
of  the  surface  which  differ  in  size,  and  that  the  total  intensity  of 
the  cathodic  current  should  equal  the  total  intensity  of  the  anodic 
current,  the  current  densities  at  the  cathodic  and  anodic  regions  dur¬ 
ing  the  course  of  the  corrosion  process  are  not  equal;  for  this  reason 
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it  is  mor°  convenient  to  use  the  polarisation  curves  which  are  related 
to  the  current  intensity  t  is  logical  that  with  this  method  of  repre¬ 
sentation  the  position  of  the  polarization  curve  depends  not  only  on 
the  nature  of  the  metal  and  solution  but  also  on  the  size  of  the  corre¬ 
sponding  regions. 

Furthermore  it  must  be  emj hasized  that  the  abscissa  in  Fig.  1 
does  not  express  the  rates  of  the  individual  reactions  but  the  total 
Intensity  of  the  anodic  current,  on  the  one  hand,  and  the  cathodic,  on 
the  other,  i.c.,  that  they  correspond  to  the  curves  i ^  and  i K  in  Fig. 
132.  Instead  of  the  logarithm,  current  intensity  Itself  is  often  plot¬ 
ted  on  the  abscissa  axis  of  such  diagrams  in  the  corrosion  literature. 

During  the  stationary  state  o t  the  operation  of  the  microelement 
the  base  metal  is  anodieally  polarized  and  the  inclusions  cathodlcally 
and  the  potential  difference  established  between  these  regions  is  less 
than  the  initial  difference  (more  correctly,  less  than  the  potential 
difference  between  the  base  metal  and  the  inclusion  material  if  insu¬ 
lated  from  each  other  in  the  same  electrolyte).  This  potential  differ¬ 
ence  corresponds  to  the  ohmic  potential  difference  in  the  solution  be¬ 
tween  the  anodic  and  cathodic  regions. 


“Pi 


Fi  .  13^.  Fo^ irlzation  curves  of  a  local  element:  1)  Curve  of  the  anod¬ 
ic  polarization  of  the  base  metal;  2)  curve  of  the  cathodic  polariza¬ 
tion  of  the  inclusion. 
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If  the  internal  resistance  of  the  microelement  is  known,  the  cor¬ 
rosion  current  can  be  readily  found  by  means  of  the  polarization  curves 
of  Pig.  13^.  For  this  purpose  one  must  select  a  current  intensity  I  at 
which  the  potential  difference  between  the  anodic  and  cathodic  regions 
is  precisely  equal  to  the  ohmic  potential  drop  IR.  In  the  most  general 
form  the  corrosion  current  I  can  be  found  as  the  solution  of  the  equa¬ 
tion 


1  "  R 


(296) 


where  <P  and  <P,  are  also  functions  of  I.  Strictly  speaking,  the  quanti¬ 
ty  »?  also  depends  on  I  because  the  passage  of  current  causes  a  change 
i  concentration  and,  consequently,  of  the  electrical  conductivity  of 
t  ie  solution. 

It  must  be  emphasized,  however,  that  Eq .  (296)  which  has  been 
widely  used  in  corrosion  literature  in  different  forms,  does  not  give 
a  correct  idea  of  the  difficulties  encountered  in  the  calculation  of 
,he  operation  of  the  microelements.  This  equation  is  entirely  applica¬ 
ble  to  a  normal  galvanic  element  with  spatial  separation  of  cathode  and 
inode  because  the  resistances  along  the  path  of  the  current  In  the 
electrolyte  between  different  points  of  the  cathode  and  anode  differ 
]  1  *•  tie  •°rom  each  other.  The  situation  is  different  in  the  case  of  the 
ml croelemern:  in  which  the  cathode  and  anode  are  in  contact  with  each 
ther  along  a  certain  perimeter.  The  quantity  R  in  this  case  varies 
considerably  from  point  to  point  and  vanishes  when  the  point  under  con- 
. ideration  is  in  the  direct  vicinity  of  the  interface  between  the  cath¬ 
odic  and  anodic  regions.  Hence  to  get  an  idea  of  the  operation  of  mi¬ 
croelements  it  is  essential  to  determine  the  full  pattern  of  the  dis¬ 
tribution  of  the  current  density  and  potential  on  the  metal  surface. 
This  calculation  can  be  carried  out,  however,  only  for  certain  partial 
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cases,  for  example,  for  Inclusions  with  disc  shape  which  are  at  larpe 
distances  (relative  to  the  disc  diameter)  from  each  other  and  even  then 
only  under  certain  assumptions  (absence  of  polarization  of  the  anodic 
regions  and  approximate  constancy  of  the  current  deraity  at  different 
points  of  the  inclusion)  "'^1.  This  problem  is  reduced  to  the  solution 
of  the  Laplace  di f ferentlal  equation  under  certain  limit  conditions : 


at*  u*i 
5T*  +  w  +  or 


=  0, 


(297) 


which  expresses  the  potential  distribution  in  the  electrolyte  in  the 
absence  of  free  space  charges.  If  the  axes  x  and  y  are  placed  on  a 
plane  in  the  metal  with  „he  coordinate  origin  at  the  center  of  the  in¬ 
clusion,  *  and  the  positive  a':  etion  cf  the  z  axis  extends  in  the  di¬ 
rection  of  the  electrolyte,  Eq .  (297)  should  1  e  fulfilled  at  z  >  0.  The 
limit  conditions  for  our  partial  case. are  easily  formulated  on  *-he  ba¬ 
sis  of  the  physical  assumptions  made.  Eecause  we  consider  the  base  met¬ 
al  to  be  unpolarized,  the  potential  at  its  surface  has  a  constant  val¬ 
ue,  l .  e .  , 


at  ?=-.()  and  r  >  r0  <f  =  const  (299) 

(where  r  is  the  distance  from  the  coordinate  origin  and  v 0  the  radius 
of  the  disc ) . 

At  the  surface  of  the  inclusion  the  cathodic  current  density  i ^  is 
constant,  a;.J,  consequently, 

at  2  =  0  and  r  <  r9,  <K“*  ^  =  const,  (299) 


where  tc*  is  the  specific  electrical  conductivity  of  the  solution. 

Equation  (297)  under  these  boundary  conditions  can  be  integrated 
and  thus  the  potential  and  current  density  distribution  in  the  electro¬ 
lyte  can  be  found.  From  this  it  is  then  not  difficult  to  find  the  mag¬ 
nitude  of  the  resistance  P  along  the  current  paths.  It  is  found  that 
the  resistance  between  the  anodic  part  surrounding  the  disc  and  a 
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point  at  a  distance  r  from  the  center  of  the  disc  is 


<300) 

The  maximum  value  of  the  resistance  F  corresponds  to  the  position 

n 

of  the  point  at  the  center  of  the  disc: 

(300a) 

For  the  maximum  potential  difference  between  the  base  metal  and 


the  center  of  the  inclusion  we  obtain 

2rJK 


Atp  — 


Wk 


(301) 


The  potential  difference  between  the  anodic  and  cathodic  regions, 
like  the  resistance,  wil1  be  consequently  less  if  the  dimensions  of  the 
nciusion  are  less  and  the  electrical  conductivity  of  the  solution  is 
neater.  Let  us  assume  that  the  dissolution  of  the  metal  takes  place  in 

-ll 

a  normal  electrolyte  solution  ( tc  -  0.1)  and  that  rQ  -  10  cm.  Then  it 

p 

follows  even  at  a  very  high  current  density  of  1  amp/cm  from  formula 
u)  that  AT  -  0.001  v.*  Thus,  although  the  metal  surface  is  not 
ctrictly  an  equipotential  surface  in  presence  of  inclusions,  the  devia¬ 
tion  from  equipotentiality  is  slight.  Because  the  potential  difference 
between  the  base  metal  and  the  center  of  the  inclusion  is  small,  the 
potential  at  different  points  of  the  inclusion  is  almost  constant 
(i.e.,  the  potential  variations  are  small  compared  with  RT/F) ,  conse¬ 
quently  the  density  of  the  cathodic  current  should  also  be  approximate¬ 
ly  constant  which  justifies  the  assumption  made  by  us  in  the  formula¬ 
tion  of  the  boundary  conditions.  The  distribution  of  the  current  densi¬ 
ty  at  the  surface  of  the  netal  in  presence  of  a  disc-shaped  inclusion 
is  shown  in  Fig.  135- 

Equation  (300)  has  been  derived  for  the  partial  case  of  a  disc¬ 
shaped  inclusion.  The  result  thus  obtained  remains  valid,  however,  with 
regard  to  order  of  magnitude  even  for  inclusions  with  a  more  complex 
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chape.  Hence  It  can  be  inferred  that  the 
surface  of  a  corroding  retal  remains  ap¬ 
proximately  equipotential  even  in  presence 
of  heterogeneities  provided  that  the  dimen¬ 
sions  of  the  inclusions  are  small  and  that 
the  elect'1!'-’'1 1  conductivity  of  the  electro- 


Fig.  135.  Current  densi¬ 
ty  distribution  on  the  lyte  is  fairly  high.  This  conclusion  is 

surface  of  a  metal  near 

a  disc-shaped  cathodic  confirmed  by  ^he  measurements  of  G.V.  Akl- 

inclusion:  a)  Base  met¬ 
al;  b)  inclusion.  mov  and  A. I.  Golubev  [27,  2 8].  By  moving 

the  orifice  of  a  thin  capillary,  filled 
with  electrolyte  and  connected  ,ih  an  auxiliary  electrode,  along  the 
surface  of  a  corroding  metal  by  means  of  a  micromanipulator,  they  meas¬ 
ured  the  potential  variation  during  the  transition  frcm  one  structural 
component  of  the  alloy  to  another  and  gave  a  pattern  of  the  potential 
distribution  along  the  surface  of  the  corroding  metal.  The  results  of 
such  measurements  for  the  case  of  zinc  with  an  iron  content  of  1.5$ 
are  represented  in  Fig.  136.  The  anode  in  this  case  is  zinc,  the  cath¬ 
ode  the  lr.termetailic  compound  FeZn7.  It  can  be  seen  that  the  potential 
v  .ries  considerably  when  going  f  rom  one  component  to  the  other  but  the 
absolute  variation  is  net  very  large.  This  permits  us  in  cases  in  which 
we  are  inte^'sted  only  in  the  total  corrosion  and  not  in  its  distribu¬ 
tion  over  the  surface  (for  example,  during  the  determination  of  the 
^elf-axscharge  of  a  current  source  electrode)  to  treat  a  surface  known 
to  be  heterogeneous  as  a  homogeneous  surface  with  certain  intermediate 
values  of  its  parameters,  for  example  hydrogen  overvoltage. 

In  the  calculation  of  the  rate  of  self-dissolution  of  metals  con¬ 
taining  Inclusions  one  has  to  take  into  account  that  during  prolonged 
dissolution  of  fhe  metals  an  ever  Increasing  number  of  particles  of  the 
inclusion  material  will  accumulate  at  the  surface  (if  the  inclusions 
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are  not  soluble)  and  the  relation  and  arrangement  of  the  areas  of  the 
athodio  and  anodic  regions  varies  continuously.  This  often  leads  to  a 
gradual  acceleration  of  the  dissolution  of  metals  which  were  initially 
not  very  strongly  contaminated  with  foreign  inclusions. 

Of  considerable  interest  is  the  case  in  which  the  rate  of  the 
mthodic  proce.  on  the  whole  electrode  surface  is  not  determined  by 
he  reaction  itself  but  by  the  diffusion  of  the  reacting  substance. 

Such  conditions  are  often  encountered, 
for  example,  in  the  corrosion  of  metals 
in  presence  of  dissolved  oxygen.  In 
this  case  the  summary  rate  of  the  cor¬ 
rosion  process  is  obviously  Independent 
of  the  size  and  nature  of  the  surface 
heterogeneities  but  depends  only  on  the 
geometrical  dimensions  of  the  surface 
and  the  conditions  under  which  the  oxy¬ 
gen  diffuses  towards  it.  In  this  case 
there  Is  no  need  either  that  the  re¬ 
gions  on  which  the  rate  of  reduction  of  the  oxygen  attains  the  value  or 
the  limit  diffusion  current,  should  occupy  the  entire  electrode  sur¬ 
face;  it  is  sufficient  if  the  distances  between  them  are  small  compared 
with  the  thickness  of  the  diffusion  layer  [21].  However,  if  the  rate  oi 
reduction  of  the  oxygen  or  other  oxidant  at  the  surface  of  the  base 
metal  is  so  small  that  it  does  not  attain  the  value  corresponding  to 
the  limit  diffusion  current,  the  presence  of  foreign  Inclusions  or 
other  heterogene.iti es  can  increase  the  corrosion  rate  even  in  an  oxi¬ 
dizing  medium,  as  has  been  indeed  observed  in  many  experimental  cases 
139]. 

It  must  be  kept  in  mind,  however,  that  in  the  case  of  a  metal  with 
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Pig.  136.  Measurement  of  the 
potential  along  the  surface 
of  corroding  zinc  containing 
Inclusions  (Fe7n^).  A)  Volt; 

B)  distance  in  mm. 


hetei  oReneou;’  surface  the  summary  rat'-  of  the  corrosion  process  in  most 
ca  es  doer  not  by  any  means  determine  the  magnitude  and  degree  of  the 
risk  of  corrosion  damage.  This  follows  already  from  an  examination  of 
the  current  distribution  on  the  metal  surface  using  as  an  example  the 
ci- pleat  model  of  a  local  element,  given  in  the  foregoing.  As  is  evi¬ 
dent  from  wig.  135 >  the  rate  of  the  anodic  process  increases  rapidly 
with  aj proxir ation  to  the  edge  of  the  cathodic  inclusion.  Consequently, 
the  corrosion  of  the  metal  takes  place  nonuni formly ;  in  this  case  it  is 
concentrate!  mainly  near  the  inclusion. 

We  encounter1  suen  a  nonuniform  distribution  of  the  anodic  process 
very  freauer.tly  in  the  corrosion  of  solid  metals  accompanied  by  hydro¬ 
gen  evolution  or  the  reduction  of  some  oxidant.  The  degree  of  nonuni¬ 
formity  can  vary  very  greatly;  in  some  cases,  for  example.  In  the  cor¬ 
rosion  of  a  partly  protected  metal,  a  strong  localization  of  the  corro- 
Iwn  process  is  observed  resulting  in  the  formation  of  deep  pits  on  the 
neta  surface  ("pitting");  this  form  of  corrosion  is  a  great  danger  be¬ 
cause  it  ’an  occasion  the  appearance  of  open  channels  in  the  walls  of 
chemical  .  pparatus .  Another  dangerous  form  of  corrosion  is  the  so- 
called  intergranular  corrosion  taking  place  predominantly  between  the 
1  'es  of  the  individual  crystallites  of  which  the  metal  consists,  re- 
!  g  in  p  loss  of  the  bond  between  them  and  a  lowering  of  the  me¬ 
dian!  si  strength.  Thus  the  corrosion  process  is  characterized  general¬ 
ly  no4-  only  by  the  total  corrosion  but  also  by  the  "structure"  of  the 
orroslon  which  takes  place;  this  term  has  been  proposed  by  G.V.  Aki¬ 
ra  v  r  30  . 

G^eat  attention  is  given  in  the  corros: an  literature  to  the  prob- 
]  n  of  the  distribution  of  the  disintegration  process;  considerable 
successes  ir.  this  direction  have  been  obtained  by  Soviet  researchers. 

In  the  foregoing  we  have  examined  the  simplest  model  of  a  lo-  1 
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element.  Under  real  conditions,  however,  we  encounter  diverse  and  often 
much  more  complex  relations  between  the  cathodic  and  anodic  regions  on 
the  surface  of  a  metal.  Thus,  In  the  technically  important  alloys  we 
are  often  dealing  not  with  two  but  three  or  more  types  of  regions;  in 
many  cases  one  must  also  take  into  account  the  differences  between  the 
normal  surface  of  the  grains  of  the  individual  components  and  the 
boundary  regions,  in  which,  for  example,  an  accumulation  of  some  impur¬ 
ity  can  take  place  during  the  freezing  of  the  alloy.  Methods  for  calcu¬ 
lating  these  ''multielectrode”  systems  on  the  basis  of  the  polarization 
characteristics  which  replace  in  the  more  complex  cases  the  polariza¬ 
tion  diagram  shown  in  Fig.  13^,  have  been  given  by  G.V.  Akimov  and  co¬ 
workers  L'31J;  they  also  worked  out  a  method  for  determining  the  polar¬ 
ization  characteristics  of  the  individual  components  of  real  alloys. 

To  determine  by  calculation  the  spatial  distribution  of  the  cur¬ 
rent  density  and  potential  in  the  manner  done  for  the  simplest  model, 
shown  in  Fig.  135,  is  not  possible  in  the  case  of  more  complex  systems, 
with  the  exception,  naturally,  of  the  simplest  case  In  which  the  ohmic 
potential  drop  need  not  be  taken  into  account  and  where  the  current 
density  on  all  points  of  the  surface  which  have  the  same  physicochemi¬ 
cal  properties,  is  assumed  to  be  constant. 

The  heterogeneity  of  a  metal  surface  can  be  due  to  the  presence 
of  a  protective  film  with  pores.  If  such  a  metal  is  subjected  to  corro¬ 
sion  in  presence  of  oxygen,  and  if  the  substance  of  the  film  possesses 
electronic  conductivity,  the  reduction  of  the  oxygen  can  take  place 
over  the  whole  surface,  i.e.,  the  sites  covered  by  the  film  and  those 
free  of  it,  although  the  rates  of  reduction  may  be  different  in  these 
two  cases.  The  anodic  process  of  ionization  of  the  metal,  however,  can 
take  place  only  in  the  unprotected  pores  of  the  film;  thus  the  surface 
of  the  film  is  the  cathodic  and  the  surface  of  the  metal  in  the  pores 
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is  the  anodic  rep-ion  of  tho  electrochemical  system. 

In  this  chapter  we  have  considered  mainly  two  extremes  of  the 
mechanism  of  self-dissolution  of  metals:  the  uniform  dissolution  of  ho¬ 
mogeneous  regions  and  the  dissolution  in  consequence  of  the  operation 
of  local  elements  with  spatial  separation  of  the  cathodic  and  anodic 
processes . 

In  order  to  explain  their  interrelation,  let  us  examine  the  behav¬ 
ior  of  an  individual  homogeneous  part  of  the  surface  of  a  dissolving 
m«tal.  By  the  homogeneous  part  of  a  surface,  which  is  on  the  whole  het¬ 
erogeneous,  we  intend  tne  sur  of  all  points  with  the  same  physical  and 
chemical  properties  independen  y  of  whether  they  are  geometrically 
grouped  into  separate  relatively  large  regions  or  scattered  over  the 
whole  metal  surface. 

On  the  uniform  region  of  the  surface  of  the  base  metal,  if  it  were 
isolated  from  its  other  regions,  the  anodic  process  of  ionization  of 
the  -etal  and  the  cathodic  reaction  of  hydrogen  separation  (or  other 
cathodi  reactions)  would  proceea ,  as  on  any  other  homogeneous  metal 
electrode,  at  a  certain  constant  rate.  As  a  result  of  the  compensation 
of  these  conjugated  processes  a  certain  stationary  potential  would  be 
established  on  this  repo,  n  cf  the  surface.  If  other  regions  with  dif- 
f  rent  physical  and  chemical  properties,  on  which  the  cathodic  process 
s  tjsinhibi  to,  are  close  to  this  region  of  the  surface,  the  entire 
urfc:  region  i  .ar  consideration  would  be  anodically  polarized  under 

the  influence  of  the  current  of  the  local  element.  The  over-all  rate  of 
dissolution  of  the  metal  is  composed  rf  ' '>e  rate  of  "self-dissolution’’ 
on  tills  region  or  the  surface  and  the  rate  of  anodic  dissolution  as  a 
result  of  the  "external"  polarization  Depending  on  the  difference  in 
properties  between  the  cathodic  and  anodic  sections,  the  "external" 
polarization  causes  a  varying  positive  potential  shift.  The  phenomena 
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observed  in  this  are  analogous  to  the  phenomena  occurring  during  the 
anodic  polarization  of  a  homogeneous  self-dissolving  electrode  (see  56). 
If  a  positive  difference  effect  is  observed  on  a  given  metal  this  means 
that  under  the  influence  of  the  anodic  polarization  its  self-dissolu¬ 
tion  (i.e.,  dissolution  accompanied  by  hydrogen  evolution  or  other 
cathodic  reaction)  is  reduced.  A  strong  Dotential  shift  reduces  the 
self-dissolution  potential  so  strongly  that  it  can  be  neglected  com¬ 
pared  with  the  dissolution  under  the  action  of  the  current  of  the  local 
elements . 

The  degree  of  the  spatial  separation  of  the  anodic  and  cathodic 
processes  thus  depends  on  the  rate  of  the  conjugated  reactions  on  the 
a  'lie  regions  and  on  the  anodic  polarization  of  these  regions  under 
the  influence  of  the  neighboring  cathodic  regions.  As  is  evident  from 
the  foregoing,  we  must  generally  always  consider  the  possibility  that 
cathodic  reactions  take  place  on  the  anodic  regions  in  addition  to  the 
basic  anodic  processes.  On  the  other  hand  the  application  of  a  similar 
argument  to  the  cathodic  regions  shows  that  anodic  processes  can  also 
take  place  on  them  at  a  lower  rate. 

Of  great  Importance  for  the  course  of  the  corrosion  processes  are 
not  only  the  microscopic  heterogeneities  which  cause  the  appearance  of 
local  elements  on  the  metal  surface  but  also  the  macroscopic  differenc¬ 
es  in  the  electrochemical  properties  of  different  parts  of  any  metallic 
system.  Thus,  for  example,  a  chemical  apparatus  may  contain  parts  made 
of  different  metals  which  are  in  contact  with  the  same  electrolyte  so¬ 
lution.  If  a  current-conducting  contact  exists  between  them,  electrical 
currents  arise  in  the  system  which  can  cause  severe  damage  to  the  parts 
of  the  surface  on  which  the  anodic  processes  take  place.  Such  a  spatial 
separation  of  the  cathodic  regions  can  also  arise  because  of  differenc¬ 
es  in  the  composition  of  the  solution.  Assuming,  for  example,  that  the 
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concentration  of  atmospheric  oxygen  's  greater  ir.  some  part  of  a  neu¬ 
tral  solution  in  which  an  iron  structure  is  immersed,  compared  with  Its 
other  parts  (so-called  difference  or  differential  aeration).  At  first 
3ight  it  would  seem  that  the  corrosion  of  the  i ron  in  this  part  should 
be  intensified.  Actually,  however,  this  is  not  the  case.  The  electro¬ 
lytic  reduction  of  oxygen  causes  the  appearance  of  hydroxyl  ions  and, 
consequently,  an  alkalini ration  of  the  solution  which  promotes  the  for¬ 
mation  of  insoluble  corrosion  products  and  protective  f'ilms  which  slow 
down  the  anodic  process.  Th'3  rate  of  dissolution  of  the  iron  may  thus 
be  greater  at  tie.  pc1  its  which  are  more  remote  from  the  point  with  in¬ 
tensified  access  of  oxyr> n;  und>”-  these  conditions,  the  more  strongly 
aerated  regions  are  the  cathodes  on  which  reduction  of  oxygen  predomi¬ 
nates,  and  the  weakly  aerated  ones  are  the  anodes  on  which  dissolution 
of  the  iron  predominates. 

The  same  methods  can  be  applied  to  the  calculation  of  the  opera¬ 
tion  of  these  ’'macroelements"  as  those  described  in  this  section  in 
connection  with  the  discussion  of  the  theory  of  the  microelements,  for 
example,  the  method  of  polarization  diagrams  and  the  method  of  calcula¬ 
tion  of  multi-electro  le  systems.  Experiments  with  normal  galvanic  coup¬ 
les  and  more  complex  systems  are  often  used  in  corrosion  research  for 
Mre  modeling  of  the  processes  which  take  place  in  the  microelements.  It 
must  be  rerner  ber ''d ,  however,  that  in  proportion  to  the  increase  in  the 
geometrical  dimensions  of  a  system,  the  ohmic  potential  drops  increase 
which  has  the  consequence  that  the  behavior’  of  the  macro  and  micro  sys¬ 
tems  is  not  quite  comparable.  To  model  a  i croelement  correctly  by 
means  of  a  normal  galvanic  couple  It  v ould  be  necessary,  as  follows, 
for  example,  from  Eq .  (3^1),  to  increase  the  electrical  conductivity  of 
the  solution  when  going  aver  from  the  first  to  the  second  in  the  same 
ratio  In  which  the  geometrical  dimensions  of  the  system  increase,  while 


leaving  the  polarization  characteristics  of  the  cathode  and  anode  un¬ 
changed  . 

Within  the  framework  of  the  present  book  we  can  give  only  a  gener¬ 
al  idea  of  the  electrochemical  theory  of  corrosion  which  plays  an  im¬ 
portant  part  in  the  selection  of  corrosion-resistant  materials  and  in 
the  working  out  of  anticorrosion  measures;  a  more  detailed  presentation 
of  this  important  problem  can  be  found  in  the  corresponding  special 
literature . 

i 8 .  USE  OF  INHIBITORS  DURING  THE  DISSOLUTION  OF  METALS  IN  ACIDS 

Let  us  consider  the  question  of  the  effect  of  additions  to  the 
■O  ectrolyte  which  affect  the  process  of  dissolution  of  metals.  This 
k  od  of  effect  on  the  rate  of  dissolution  is  of  great  practical  impor- 
tance  because  this  can  cause  a  strong  reduction  in  the  rate  of  self¬ 
dissolution,  i.e.,  it  can  be  used  to  reduce  metal  corrosion. 

When  considering  the  mechanism  of  these  processes,  attention  must 
be  paid  to  the  following  circumstance.  If  we  are  dealing  with  a  system 
in  a  state  of  thermodynamic  equilibrium,  a  change  in  the  rate  of  one  of 
the  reactions  which  are  possible  in  this  system,  automatically  involves 
a  change  in  the  rate  of  the  corresponding  reverse  reaction.  Let  us  take 
the  silver  electrode  in  AgNO^  solution  as  an  example.  The  equilibrium 
potential  of  this  system  depends  on  the  thermodynamic  properties  of  the 
metal  and  solution  (in  particular,  on  the  concentration  of  the  silver 
ions  in  the  solution)  and  is  established  as  a  result  of  the  compensa¬ 
tion  of  the  reactions  of  ionization  of  metallic  silver  and  discharge  of 
silver  ions.  In  the  equilibrium  state  the  electrode  potential  is  inde¬ 
pendent  of  the  partial  rates  of  these  processes  provided  that  these 
rates  are  equal:  ip  *  ip’  Any  variation  of  the  rate  of  one  of  these  re¬ 
actions,  if  it  is  not  to  disturb  the  equilibrium,  must  be  accompanied 
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by  a  variation  cf  tie  rate  of  the  reverse  reaction  so  that  the  equl\ a- 
lence  Is  preserved  and  the  f  ^f.entlttl  remains  unchanged.  The  came  ap¬ 
plies  to  other  equilibrium  el •  rodes. 

In  the  case  of  the  processes  of  metal  iissolution  in  acids  consid¬ 


ered  in  this  ehaptei  tu  situ  ion  is  different.  Because  the  dissolving 
metal  is  in  a  state  differ! r  -  °rom  the  state  of  thermodynamic  equilib¬ 
rium,  tne  rate  of  one  rea  tl  r  c  »n  be  affected  without  affecting  the 
other,  or  its  rate  car  co  affecced  differently  than  the  rate  of  the 
other . 
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Fig.  137.  Polarisation  curves  o4'  a  metal  electrode  in  the  presence  of 
an  inhibitor:  a)  Inhibition  ’  the  ’f.t  odic  process  (1  anodic  curve;  2 
athodic  curve;  i  rate  of  ><.  j. f-  issclution  in  the  absence  of  an  inhib- 

B 

iter;  correspor  ingly  1',  '  and  i  '  are  the  same  in  presence  of  an  in¬ 

hibitor!  . 


(  J 
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A  large  number  of  different  additives  (agents)  have  been  proposed 
and  used  to  date  which  lower  the  rate  of  self-dissolution  of  metals  in 
acids  [32].  These  substances  which  are  termed  corrosion  inhibitors  con¬ 
sist  of  various  organic  compounds  and  their  mixtures,  often  with  addi¬ 
tion  of  inorganic  electrolytes. 

The  inhibitory  effect  of  these  additives  (i.e.,  the  effect  of  low¬ 
ering  the  rate  of  self-dissolution  of  the  metal)  can  be  due  to  an  ef¬ 
fect  of  these  substances  on  the  anodic  reaction  of  ionization  of  the 
metal  as  well  as  on  the  cathodic  reaction  of  hydrogen  separation. 

Generally,  a  change  in  the  rate  of  one  or  both  of  these  reactions, 
in  addition  to  causing  a  variation  of  the  rate  of  self-dissolution  of 
the  metal,  also  alters  its  stationary  potential. 

Figure  137a  shows  the  pattern  of  action  of  an  inhibitor  which  in¬ 
hibits  the  anodic  process  of  netal  dissolution.  The  polarization  curve 
of  this  process  is  shifted  tc  the  positive  side  in  presence  of  such  a 
ubstance  (increase  in  the  overvoltage  of  the  anodic  process).  As  the 
diagram  shows,  the  point  of  intersection  of  the  anodic  and  cathodic 
polarization  curves,  which  characterizes  the  stationary  state  of  the 
metal,  is  shifted  in  presence  of  this  inhibitor  in  the  direction  of 
lower  current  densities  and  of  more  positive  potentials.  In  presence  of 
substance,  which  inhibits  the  cathodic  process,  the  self-dissolution 
current  also  decreases  but  the  stationary  potential  is  then  shifted  to 
the  negative  side,  as  can  be  seen  in  Fig.  137b. 

Finally,  addition  of  an  inhibitor  can  also  vary  the  rate  of  both 
processes  although  the  effect  on  each  of  the  processes  under  considera¬ 
tion  may  not  be  the  same;  this  pattern  of  action  of  an  inhibitor  is  the 
most  common.  Figure  138  shows  the  case  in  which  the  inhibitor  decreas¬ 
es  the  rate  of  both  processes  but  with  a  stronger  effect  on  the  anodic 
process  (effect  of  tetradecyl  tetrahydropyridine  bromide  cn  the  iron 
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Fig.  13&.  Cathoc.tc  arid  anodic  pc. larizat J o*.  curves  of  an  iron  electrode 
in  a  pure  solution  of  IN  :ci  (curve:  1  and  1’)  and  in  presence  of 

5*10  *  equivalents/liter  af  n~C^  ;I'p0NC^HqBr  (curves  2  and  2’);  i  and 

tr  are  the  currents  of  self-dlar.  olutlcn  in  the  first  and  second  solu- 
8 

tion.  The  potential  was  measured  relative  to  the  hydrogen  electrode  in 

the  same  solution. 

electrode  in  1  N  HC1).  In  this  ’asc  the  effect  of  the  inhibitor  on  the 
rate  of  self-dissolution  is  naturally  greater  than  when  it  acts  only  on 
one  of  the  electrochemical  processes.  Because  in  this  case  the  effect 
of  the  i  hibitor  on  the  anodic  y  ~oce.  s  is  greater,  the  stationary  po¬ 
tential  (ft1  , )  is  shifted  to  th*  m  He  side  {'VI).  The  shift  is  obviously 

.i  S 

greater  if  the  dl.t  *’ererct  i  1  the  effect  of  the  Inhibitor  on  the  two 
processes  is  greater. 

In  the  case  of  an  equal  effect  of  the  inhibitor*  on  both  processes 
the  stationary  potential  may  not  change  although  the  rate  of  self-dis¬ 
solution  is  greatly  decreased. 

Some  additions  accelerate  one  of  :  iectrochemical  reactions; 
such  additions  arc  termed  stimulators.  The  stimulators  ( for- example , 

H0S)  naturally  increase  the  rate  of*  s°lf-dissolution  and  shift  the  sta¬ 
tionary  potent,  ii  to  the  si  j  e  opposite  to  the  shift  caused  by  an  inhib-  - 
itor  which  affect,  the  sar  electrode  reaction  [3?]. 
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The  inhibitor  can  exert  its  effect  on  the  kinetics  of  electrode 


processes  only  if  it  adsorbed  on  the  surface  of  the  metu.1  electrode, 
hence  the  action  of  an  inhibitor  depends  primarily  on  its  adsorption. 

If  the  potential  at  which  the  dissolution  of  the  metal  takes  place  is 
far  from  the  zero  point  of  this  metal,  an  inhibitor,  which  is  capable 
of  being  adsorbed  under  other  conditions  on  this  metal,  may  be  com¬ 
pletely  displaced  from  the  surface  by  water  molecules;  in  this  case  its 
Inhibitory  effect  will  not  be  manifest.  Hence  it  is  essential  for  the 
adsorption  of  the  inhibitor  present  in  the  solution  in  the  form  of 
molecules  that  the  surface  charge  of  the  metal  in  this  medium  is  not 
loo  high.  If  the  inhioitor  is  adsorbed  in  the  form  of  ions,  its  adsorp- 
' inn  is  promoted  by  the  charge  on  the  metal  surface  if  its  sign  is  op- 
i r i t e  to  the  sign  of  this  ion.  Nitrogen-containing  organic  compounds 
which  form  surface-active  cations  in  acid  solutions  are  often  used  in 
practice  as  inhibitors;  such  Inhibitors  will  obviously  be  well  adsorbed 
u  negatively  charged  surfaces,  while  they  may  be  totally  ineffective 
on  a  positively  charged  metal  surface  [3*0- 

In  many  technological  cases  one  uses  mixtures  of  two  or  more  sub- 
tances  as  inhibitors.  The  combined  effect  of  several  inhibitors  is 

l 

"'ten  stronger  than  the  effect  of  each  component  separately;  this  in- 
eusification  of  the  inhibitor  effect  may  be  due,  in  particular,  to  the 
»  that  *  he  presence  of  or.e  of  these  substances  promotes  the  adsorp- 
n  o'1  the  other.  Thus,  the  inhibitory  effect  of  organic  bases  is 
•eatly  intensified  by  the  presence  of  adsorbed  anions,  for  example, 
hronine  or  iodine.  As  pointed  out  previously,  the  latter  form  adsorbed 
i  pole  layers  on  the  surface  of  iron,  the  negative  end  of  the  dipole 
ng  directed  towards  the  solution,  which  should  promote  the  adsorp- 
! ion  of  cations  [35,  36]. 

X  * 

Inhibitors  a^e  widely  used  in  technology  for  reducing  the  rate  of 
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dissolution  of  parts,  for  exar.nle,  of  *  rfcn  and  »t*e  during  etching, 
i.e.,  during  their  cleaning  v 1 1 h  strong  ieids  from  rust  and  scale.  In 
etching  baths  the  effect  of  the  Inhibit  rs  Is  iue  to  the  fact  that 
without  exerting  an  influence  on  the  dissolution  of  oxides  in  acids, 
they  lower  the  rate  ol  di*i  tic  base  metal  considerably . 

The  great  Importance  of  the  lnh.it  ^ors  consists  also  in  the  fact 
that  in  some  cases  th»  y  ton  ’  v  ui:  t-  -n  er  Ittlement  which  occurs 

when  technical  acids  act  eft  iron .  reduction  in  the  hydrogen  embrit¬ 

tlement  in  presence  of  vnr'c  inhibitors  Is  due  to  the  decrease  in  the 
diffusion  of  atomic  i  h  n  '  *  *•  r or  o4'  the  metal  f  37 ]  . 

It  is  obvious  t)  jt  ‘  ’  *'  'he  v  odic  pi’oeess,  whi  eh 

causes  a  shift  of  the  .  elf-a  n  '  ,\  •  1  to  the  positive  side 

without  affecting  the  meet  jAthodlc  process,  should  result 

in  a  decrease  in  the  rate  or'  penetration  of  hydrogen  into  the  interior 
of  the  metal  in  the  same  way  it  leads  to  a  decrease  in  the  rate  of 

its  separation.  The  hypothes  s  has  often  been  advanced,  based  on  the 

ideas  of  the  desorption  theorbos,  r.hat  the  inhibition  of  the  cathodic 
process,  i.e.,  the  increas  in  the  hydrogen  overvoltage  must  necessar¬ 
ily  entrain  an  intensification  the  penetration  of  hydrogen  into  the 
metal.  In  actual  tact  l  tors  can  also  increase  the  hydrogen 

ovei’voltage  through  ari  innl  sn  of  the  discharge  state  without  caus¬ 
ing  an  increase  lr  ..i.e  report  n  jf  the  hydrogen  which  goes  into  the 

interior  of  the  m^fal  or  even  reducing  it  (§12,  Chapter  3). 

We  have  dwelt  here  only  on  the  mechanism  of  action  of  corrosion 
inhibitors  in  acid  medium,  accompanie  •  iroren  separation.  The  ef¬ 

fect  of  th*'  inhibitors  used  r  ^  si  protection  in  neutral  media 
in  presence  of  oxygen  (cl."  m.r  ,  ’  ntes  ,  phosphate^)  is  based  on 

other  principles.  Under  th^  conditions  an  adsorbed  or  phase  oxide 

film  is  always  present  on  *  h’on  surface,  and  the  corrosion-inhibit- 


ing  effect  is  produced  by  substances  which  intensify  its  protective 
properties . 
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[Footnotes] 


Under  the  action  of  gases  containing  water  vapor,  metal  cor¬ 
rosion  takes  place  with  participation  of  an  adsorbed  film 
of  water  and,  as  in  aqueous  electrolyte  solutions,  it  takes 
place  according  to  an  electrochemical  mechanism.  The  disso¬ 
lution  of  metals  in  poorly  conducting  nonaqueous  solutions 
also  takes  place  in  some  cases  via  an  electrochemical  mechan¬ 
ism. 

For  the  sake  of  simplification  we  shall  everywhere  in  this 
chapter,  unless  the  reverse  is  specially  indicated,  consider 
the  quantity  ^  constant  by  way  of  a  first  crude  approxima¬ 
tion  (i.e.,  relate  all  equations  to  solutions  with  the  same 
total  electrolyte  concentration). 

For  the  same  reasons  (the  existence  of  a  large  exchange  cur¬ 
rent  for  the  reaction  of  discharge  and  ionization  of  the  al¬ 
kali  metals)  the  potential  varies  little  even  during  the 
cathodic  polarization  of  the  amalgam.  This  circumstance  is  of 
great  importance  in  the  determination  of  the  optimum  working 
conditions  of  the  mercury  bath  for  chlorine  electrolysis.  Be¬ 
cause  the  potential  of  the  mercury  electrode  varies  little 
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with  the  density  of  the  *v'  ir,n'\  (  nt  .  increase  of  the 

latter  entrains  win  /  in  ln^t  »•  In  t' rite  of  sodiurr  sep¬ 
aration  while  th  ;  rate  o’1  Ur*  hydrogen  separation  re>ne lna  al¬ 
most  unchanged.  On  ‘  '  ■>  .  i .  I've  rate  of  chlorine  sep¬ 

aration  at  the  anode  of  the  both  is  nrooort ional  to  the  cur¬ 
rent  density,  dense  to  ivoid  the  fonnation  of  an  explosive 
mixture  of  chlorine  and  hydrogen  in  the  lath,  tne  electrolyt¬ 
ic  formation  of  amalgam  should  bt  carried  out  at  fairly  high 
cuxrer.t  densxl 

The  amalgams  of  the  lkaM  totals  nven  at  lev/  concentrations 
of  the  alkali  metal  show  large  deviations  from  the  laws  of 
ideal  solutions.  Hence  If  the  concentration  of  sodium  in  the 
mercury  is  not  too  low,  i  val-e  for  the  concentration  of 
[Na]  in  Eq.  (?78)  should  bfr  replaced  by  th#  activity,  which 
leads  to  more  compl^  : '  n<  ;i  relation.*. 

In  the  case  considered  t  -eviously  ( Chapter  3),  when  we  com¬ 
pared  the  rate  of  fll  *  ana  ionisation  of  the  hydrogen, 

the  sum  of  these  constants  <aa  «  c, u  i1  to  ur.lt y  for  thermody¬ 
namic  reasons.  M<  •  ,  ■,  h  v»-  tv/,  different  process¬ 

es,  there  is  no  connection  between  the  quantities  a-t  and 
and  their  sum  may  differ  fi 

The  rate  of  dissolution  of  a  metal  in  acid  under  certain  con¬ 
ditions  may  depend  on  t  e  in  ensity  of  nixing  even  at  current 
densities  which  are  considerably  lower  than  the  limit  diffu¬ 
sion  current  of  the  hydrogen  ions.  Let  u.>  visualize,  for  ex¬ 
ample,  a  lead  electrode  washed  by  a  stream  of  hydrogen  chlor¬ 
ide  which  do» s  not  contain  any  lead  ions.  The  concentration 
of  the  lead  ions  at  the  electrode  surface  in  this  case  at  a 
given  rate  of  dissolution  obviously  depends  on  the  velocity 
of  the  flow  which  removes  the  Ions  from  the  electrode.  Be¬ 
cause,  on  the  other  hand,  the  concentration  of  the  lead  ions 
determines  the  e  ectrode  potential  and,  consequently,  also 
the  rate  of  hydrogen  aeparatl on ,  equal  to  the  rate  of  disso¬ 
lution  of  the  metal,  the  lattc~  in  turn  should  depend  or.  the 
Intensity  of  mixing.  Calculation  shows,  however,  that  in  this 
case  this  relatior ship  is  incomparably  less  pronounced  as  in 
the  case  consioered  in  the  text  [12], 

The  origin  of  this  term  which  i  widely  used  in  corrosion 
literature  is  connected  with  the  distribution  of  the  earlier 
incorrect  view  concerning  the  role  of  oxygen  in  the  dissolu¬ 
tion  of  a  metal,  according  to  which  the  oxygen  oxidizes  the 
separated  hydrogen  and  lowers  the  polarization  of  the  elec¬ 
trode  due  to  the  appearance  of  hy  ror< n  on  the  netal  surface. 
In  actual  fact  the  oiectrolvt4  t  u'M<*  o'*  oxygen  is  an  in¬ 
dependent  reaction  which  •  ce  independently  of  the  hy¬ 

drogen  separation. 

As  har  been  shown  4r  hi  *  *  ,  the  reduction  of  oxygen  on 

the  mercury  electrode  at  netar.t  potential  is  inhibited  when 
surface-active  anions,  among  which  belongs  also  the  ion  CN”, 
are  added  to  the  r;iu  ion.  Howe'er,  the  shift  of  the  anodic 
curve  of  the  di.v  lution  of  mercury  and  in  consequence  of 
this  also  of  the  stationary  self-dissolution  potential  in  the 


direction  of  negative  values  is  so  great  that  the  rate  of  re¬ 
duction  of  oxygen  at  the  stationary  potential  and,  conse¬ 
quently,  also  the  rate  of  self-dissolution  of  the  mercury,  do 
not  decrease  but  increase  strongly. 

522  Because,  according  to  the  hypothesis,  the  distances  between 
the  individual  inclusions  are  large  compared  with  the  radius 
of  the  inclusions,  we  can  consider  each  of  them  to  be  isolat¬ 
ed  from  the  others. 

523  Let  us  carry  out  a  calculation  of  the  effect  of  the  inclu¬ 
sions  in  the  case  of  practical  interest  of  the  dissolution  of 
lead,  containing  metallic  antimony,  in  the  sulfuric  acid  of 

a  lead  battery.  The  self-dissolution  potential  of  lead  in  8 
N  is  -0.37  v.  The  hydrogen  overvoltage  on  pure  antimony 

in  of  this  concentration  is  expressed  by  the  formula 

n  *  0.71  +  0.12  log  i. 

Thus,  at  9  ■  -0.37  v,  log  i  *  “2.9  and  because  <  ■  0 - 7^ ,  we 
obtain  from  Eq.  (301)  at  rn  •  10“4  cm  A  9  ■  10”7  v,  and  at 
—1  u 

rQ  *  10  cm  A9  •  0.0001  v.  Hence  we  can  neglect  the  poten¬ 
tial  drop  between  the  base  metal  and  the  inclusions  in  this 
case  even  if  the  latter  have  relatively  large  dimensions. 

In  other  cases  the  same  calculation  gives  greater  values  of 
a9.  For  example,  the  potential  difference  between  Ni  inclu¬ 
sions  in  Zn  and  the  base  metal  during  its  dissolution  in  1  N 
H2SOjj  at  rQ  ■  10~4  cm,  according  to  Eq.  (301),  is  A9  •  0.013 

v,  if  it  is  assumed  that  the  hydrogen  overvoltage  on  the  in¬ 
clusions  is  the  same  as  on  pure  Ni. 

Manu¬ 
script  [Transliterated  Symbols] 

No*f6 

484  p  ■  r  «  ravnovesnyy  ■  equilibrium 

485  c  =  s  =  samorastvoreniye  ■  selfdissolution 

488  c  »  s  ■  statsionarnyy  ■  stationary 


FTD-HT-67-153 


-  543  - 


U.  S.  BOARD  ON  GEOGRAPHIC  NAMES  TRANSLITERATION  SYSTEM 


Block  Italic  Transliteration 


Block  Italic.  Transliteration 


A 

• 

A 

§ 

A,  a 

r 

P 

p 

P 

R,  r 

B 

• 

B 

i 

B,  b 

c 

c 

C 

c 

S,  s 

B 

• 

B 

* 

V,  v 

T 

T 

T 

m 

T,  t 

r 

r 

r 

« 

G,  g 

y 

y 

y 

y 

U,  u 

A 

a 

B 

# 

D,  d 

o 

♦ 

* 

<t> 

F,  f 

E 

• 

B 

i 

Ye,  ye j  E,  e* 

X 

X 

X 

X 

Kh,  kh 

)K 

M 

M 

*c 

Zh,  zh 

U 

u 

u 

V 

Ts,  ts 

8 

• 

3 

f 

Z ,  z 

H 

s 

Y 

V 

Ch,  ch 

H 

N 

H 

M 

I.  i 

ui 

in 

111 

w 

Sh,  sh 

R 

a 

a 

f 

Y,  y 

m 

tu 

111 

W 

Shch, 

K 

K 

K 

K 

K,  k 

•b 

V 

■b 

% 

n 

A 

H 

n 

* 

L,  1 

bi 

u 

bl 

y 

y,  y 

M 

N 

M 

m 

M,  m 

b 

b 

t 

k 

i 

H 

N 

H 

M 

N,  n 

3 

» 

5 

« 

E,  e 

0 

• 

0 

• 

0,  o 

10 

10 

JO 

Yu,  yu 

n 

n 

n 

n 

P,  P 

9. 

X 

F 

* 

Ya,  ya 

O 


ye  initially,  after  vowels,  and  after  l;  _e  elsewhere. 
Wen  written  as  y  in  Russian,  transliterate  as  yy  or  y. 
The  use  of  diacritical  narks  is  preferred,  but  such  marks 
may  be  omitted  when  expediency  dictates. 
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FOLLOW IMQ  ARE  TKZ  CORRESPONDING  RUSSIAN  AND  ENGLISH 


DESIGNATIONS  OF  THE  TRIGONOMETRIC  FUNCTIONS 


Russian 

English 

sin 

sin 

oos 

cos 

tf 

tan 

Ctf 

eot 

s«o 

sac 

cossc 

esc 

ah 

slnh 

eh 

cosh 

th 

tanh 

eth 

eoth 

ach 

•ach 

each 

eaeh 

• 

are  sin 

sin”1 

are  eoa 

eoa”} 

are  tg 

tan"} 

arc  etg 

cot”1 

are  sac 

•ac”} 

are  eoaae 

esc”1 

are  ah 

sink”} 

are  eh 

cosh”1 

are  th 

tanh”1 

arc  eth 

cotfc”1 

are  ach 

•ach”1 

are  eaeh 

cack”1 

rot 

curl 

i* 

log 
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